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Abstract 
Ultra-wideline (UW) powder patterns (breadth sizes > 300 kHz) are difficult to 
acquire using conventional NMR methods because of limited excitation bandwidths and/or 
low signal intensities. This thesis will demonstrate the application of solid-state UWNMR 
spectroscopy and complementary techniques such as X-ray diffraction and theoretical 
calculations, to examine nuclear environments of chemical materials. 
27A1 UWNMR experiments were conducted in a frequency-stepped manner on 
coordination compounds with 27A1 nuclei with non-spherical coordination environments by 
using Hahn-echo and/or QCPMG pulse sequences. 27A1 quadrupolar coupling constants 
(CQ(
27A1)) as large as 48.2(1) MHz. X-ray data and theoretical calculations are utilized to 
examine the relationships between the quadrupolar interactions and molecular structure. 
Solid-state 63/65Cu NMR experiments were conducted on a series of inorganic and 
organometallic copper(I) complexes with a variety of spherically asymmetric Cu coordination 
environments. Enormous CQ(
63/65Cu) values and significant copper chemical shielding 
anisotropics (CSAs) are measured ranging from 3.4 to 71.0 MHz. 'H-31P CP/MAS NMR 
spectra for complexes with 63/65Cu-31P spin pairs are used to determining the sign of CQ and 
EFG tensor orientation. X-ray data and theoretical calculations aid in examining the 
relationship of the NMR interaction tensor with the molecular structure. 
Multinuclear solid-state NMR and EPR spectroscopy and first principles calculations 
are used to examine the electronic structures of the redox series [Pt(tfd)2]
z"[NEt4]z
+ (tfd = 
S2C2(CF3)2; z = 0,1,2).
 195Pt NMR experiments revealed large 195Pt CSAs with distinct CS 
tensor orientations for the diamagnetic species (z = 0, 2), despite having similar structures. 
v 
[Pt(tfd)2][NEt4] is examined using EPR,
 13C and 19F MAS NMR spectroscopy. The unpaired 
electron spin densities at 13C and 19F nuclei were measured using variable temperature NMR 
experiments. Theoretical calculations help rationalize the large platinum CSAs and different 
CS tensor orientations and determine the electron spin densities at 13C and 19F nuclei. 
The use of microcoils and WURST pulses for acquiring UWNMR spectra is 
explored. UW spectra can be acquired without changing the transmitter frequency using large 
rf fields or frequency-swept pulses. The efficiency of UWNMR spectroscopy improved for 
both microcoil and WURST pulse experiments compared to 4.0 mm coil experiments. 
Microcoils are also used to acquire UW spectra of an unreceptive nucleus (91Zr) and a 
spectrum comprised of both central and satellite transitions (59Co). 
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Since the work of Rabi over 70 years ago,[1] nuclear magnetic resonance (NMR) has 
evolved into one of the widely used spectroscopic techniques because of its sensitivity to 
changes in local atomic environments. Solution NMR spectroscopy of receptive and 
ubiquitous nuclei, such as 'H, 13C, 19F, 15N and 31P, is commonly employed to characterize 
molecular structures, examine molecular dynamics, and monitor inter- and intra-molecular 
interactions in chemical and biological materials/2"61 and serves as a complementary 
technique to other characterization methods such as infrared and UV-vis spectroscopy. 
While liquid-state NMR is prevalent in synthetic chemistry and structural biology, solid-state 
NMR (SSNMR) has emerged as a technique for studying insoluble small molecules and 
complex solid biological systems/7"101 as well as solid materials, including zeolites/7'111 
glasses/7,12'131 and self-assembled monolayers/14'151 Compared to solution NMR, SSNMR 
provides more information about the atomic/molecular environment because of the 
anisotropic nature of powdered/solid samples. Powder patterns obtained from SSNMR 
experiments can yield not only the isotropic chemical shift, but also the anisotropic NMR 
parameters such as the quadrupole coupling constant, span, asymmetry parameters, etc. 
Unfortunately, acquisition of these spectra can be difficult because of their much broader 
spectral widths and lower resolutions. Most often, wideline NMR spectroscopy is used to 
acquire these broad NMR powder patterns. 
Wideline NMR refers to a wide range of experiments with an aim of acquiring NMR 
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powder patterns with large spectral breadths ranging from tens of kHz to between 250 and 
300 kHz.[16"23] Wideline NMR studies are commonly associated with static 2H SSNMR, 
since these spectra can be broader than 100 kHz; however, they have also been used for static 
'H and 13C NMR spectroscopy. Wideline NMR spectroscopy is used for a number of 
applications, most commonly for investigating molecular structures, dynamics and motions 
of inorganic, (bio)organic and biological compounds/19'24"30^ but have also been used for in 
the past for quantitative analysis of oil and moisture in carbohydrate materials and 
ceramics.[31"33) Over the past 20 years, there have been significant advancements in NMR 
spectroscopy, allowing for the development of more sophisticated NMR techniques. For 
instance, a commonly used wideline experiment is the 2D wideline separation (WISE) pulse 
sequence that was developed by Spiess et al.[34] This experiment is based on the coupling 
interactions between nuclei, most often between 2H and 13C. In the direct dimension, a high-
resolution 13C NMR spectrum is acquired, while indirectly acquiring 'H or 2H wideline NMR 
spectra. The 'H or 2H wideline spectra can be correlated to the carbon to which it is coupled 
based on the corresponding high-resolution 13C NMR spectrum of the direct dimension. The 
WISE experiment has been applied to obtain structural and dynamic information at the 
molecular level for a number of systems, such as organic solids, polymers, clay materials, 
and self-assembled monolayers.[14'35'39] 
Although this method is ideal for spectra that are less than 200 kHz in breadth and 
most often involves correlations between 'H, 2H, or 13C nuclei, there are many situations 
where other nuclei, such as metals, are of greater importance to the system and its properties. 
For example, there are many interesting systems in chemistry and biology that contain metal 
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atoms which dictate their structure, reactivity and dynamics. In many cases these nuclei are 
unreceptive to NMR because of factors such as low natural abundance, low gyromagnetic 
ratios (vide infra), dilute spins, large NMR interactions, or combinations of these factors, 
producing broad, low-resolution spectra.[310] There are a number of methods that have been 
developed to obtain high-resolution spectra such as magic angle spinning (MAS),[40'41J 
multiple quantum MAS (MQMAS),[42] double rotation (DOR),[43] and dynamic angle 
spinning (DAS),[44] but are limited to nuclei with relatively small anisotropic interactions. 
For cases where large anisotropic interactions are present, extremely broad patterns can occur 
which cannot be acquired using routine NMR methods. 
In order to acquire extremely broad patterns, a variety of methods have been 
developed, including stepped-frequency, field-sweep, and frequency-stepped NMR 
spectroscopy. To distinguish these methods from other standard wideline NMR experiments, 
the term "ultra-wideline NMR" (UWNMR) will be used herein as a general name for all 
techniques utilized for the acquisition of powder patterns greater than 300 kHz in breadth. 
The stepped-frequency technique was introduced by Sindorf and Bartuska, who used variable 
frequency pulses to acquire UWNMR spectra. [45'46] In this method, a weak pulse is applied 
and then a single point is acquired. The transmitter frequency is then changed, then another 
weak pulse is applied and a point is acquired again. This cycle is repeated until the carrier 
frequency moves across the entire pattern or the desired frequency range. The entire process 
is repeated until a sufficient signal-to-noise ratio (S/N) is achieved. This method is suitable 
for cases where adequate pulse powers cannot be achieved; however, current NMR systems 
and probes are capable of handling high power level?. 
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The field-sweep and frequency-stepped NMR experiments are based on similar 
principles. For the field-sweep technique, the magnetic field strength is varied while the 
transmitter frequency remains constant. The field strength can be controlled by applying a 
current through a superconducting coil mounted in the bore of the magnet to surround the 
sample holder or probehead. After the current is applied, the magnetic field is allowed to 
stabilize and then a spin-echo spectrum is acquired using soft pulses. This process is then 
repeated until the field is swept across the desired frequency range. The intensities or 
integrated areas of the echoes are measured and plotted as a function of the magnetic field 
(or frequency).[47] This method is often referred to as the point-by-point method. The field-
sweep technique has been used to study a variety of nuclei such as platinum, titanium, zinc 
and aluminum, in various types of systems.[48"53] Slichter et al. have used the point-by-point 
field-sweep NMR method to examine the surface structure of platinum nanoparticles (Figure 
1.1). Clear distinctions between the core and surface platinum sites can be seen at different 
loading levels. For high resolution spectra, smaller increments in the field strength would 
be required increasing the number of experiments to be performed. This can be extremely 
time-consuming and tedious for ultra-wideline patterns. This method can be automated, 
though specialized instrumentation is required.[53] 
The frequency-stepped method is similar to field-sweep NMR spectroscopy; the 
transmitter frequency is stepped across a frequency range, acquiring a spin-echo at each 
frequency, while the magnetic field is kept constant. There are two variations of this method. 
There is a point-by-point method which is identical to that described earlier for 
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Figure 1.1: Schematics of a clean and coated Pt nanoparticle (left). From the 195Pt 
field-sweep NMR, the resonance at low field corresponds to the surface Pt atoms and 
at high field from the core Pt atoms. Reprinted figure with permission from reference 
[50]. Copyright 2008 by the American Physical Society. 
field-sweep NMR (Figure 1.2a).t47'54"56] Similar drawbacks are associated with this method, 
making the acquisition of broad spectra very inefficient. Bryant et al. have used this method 
to examine an (aminato)hexaluminum cluster.[56] In order to acquire a spectrum that is ca. 
150 kHz in breadth, a total experimental time of 46 hours was required. Thus, it could 
potentially take a week, a month, or even longer to acquire an UWNMR spectrum with this 
technique. A more efficient method for acquiring UWNMR spectra is with the variable 
offset cumulative spectra (VOCS) method.[57'58] Strong rf pulses are applied to excite spins 
across a greater frequency region. Rather than measuring the intensity or integrated area of 
the spin-echo, a small portion of the frequency spectrum is acquired. The collected sub-
5 
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Figure 1.2: Frequency-stepped (point-by-point) 27A1NMR experiment at 9.4 T on an 
(aminato)hexaluminum cluster (a). Top and bottom traces are experimental and 
simulated spectra. 59Co NMR variable offset cumulative spectra at 11.8 T of 
[(Py)2CoPc]Br (b). Left are the experimental sub-spectra and right are simulations. 
Inset spectrum represents the ideal line shape. Figures reprinted with permission from 
references [56] and [58]. Copyright 2008 American Chemical Society. 
spectra can be added together or skyline projected to produce the final spectrum. Since a 
wider spectral range (ca. 100 kHz) is accounted for using this method, much fewer frequency 
positions are required, reducing the total number of experiments. Frydman et al. used the 
VOCS experiment to acquire a 59Co UWNMR spectrum of [(Py)2CoPc]Br, that is ca. 525 
kHz in breadth, in ca. 17 hours (Figure 1.2b). Compared to the point-by point 27A1 NMR 
experiment by Bryant et al., the VOCS technique was able to acquire a spectrum that is 3.5 
times broader in nearly 37 % of the experimental time. 
Using the Hahn-echo pulse sequence with the VOCS method is common for 
UWNMR experiments, but for extremely unreceptive nuclei, this is inadequate for acquiring 
NMR spectra with high S/N in a reasonable amount of time. Pulse sequences such as double 
frequency sweep (DFS),[59'60] hyperbolic secant (HS),[61,62] rotor assisted population transfer 
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(RAPT),[63] cross-polarization (CP),[64] and (quadrupole) Carr-Purcell-Meiboom-Gill 
((Q)CPMG)[65"67] have been shown to substantially improve S/N compared to corresponding 
Hahn-echo experiments. DFS and HS are impossible to implement for acquiring UWNMR 
spectra, since adiabatic field sweeps cannot be achieved on current NMR spectrometers. In 
addition, they are impractical since some approximate knowledge of the magnitude of the 
quadrupolar interaction is required in order to properly set up the experiment for optimal 
performance. The QCPMG pulse sequence is commonly applied with VOCS-style UWNMR 
to enhance the S/N and greatly reduce the number of acquisitions for each sub-spectrum. 
Further enhancement of S/N has been achieved by coupling DFS, HS, RAPT and CP with 
the QCPMG pulse sequence^61'68"711 but of these, only CP has been successfully applied for 
UWNMR experiments. Another way of enhancing the S/N is to perform UWNMR 
experiments at extremely low temperatures (4 - 25 K). Ellis et al. have carried out 
CP/QCPMG UWNMR experiments at low temperatures on a number of bioinorgnic 
compounds.[72"75] For instance, when implementing the CP/QCPMG pulse sequence at 10 K, 
a significant increase in S/N was achieved which allowed the acquisition of a 400 kHz broad 
67Zn NMR spectrum.[73] The combination of signal enhancement techniques with UWNMR 
spectroscopy can provide a means to study unreceptive nuclei that were once believed to be 
difficult to examine, notably, nuclei which are diluted (i.e., small % of the total mass) by the 
nature of their environments (e.g., metals in proteins, macromolecules, porous solids; acting 
as dopants, etc.). 
In this thesis, we will explore various UWNMR methods and their application to 
quadrupolar nuclei or heavy metal atoms in inorganic and organometallic compounds which 
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produce ultra-wideline patterns caused by large NMR interactions. In order to understand 
the context of this research, a discussion of basic NMR interactions and their spectral 
manifestations are required. Chapter 2 provides this information, as well as general concepts 
pertaining to the NMR methods that are of great importance in these studies. 
Chapter 3 discusses the application of 27A1 solid-state UWNMR spectroscopy to a 
series of thee- and five-coordinate aluminum compounds. Spectra as large as ca. 800 kHz 
are acquired and used to obtain the NMR tensor parameters at the aluminum center. 
Complementary techniques, such as X-ray diffraction and ab initio calculations, are also 
employed to correlate the measured NMR parameters with the molecular and electronic 
structures. 
Chapter 4 provides a discussion on the use of 63/65Cu solid-state UWNMR 
spectroscopy for series of inorganic and organometallic copper(I) compounds. Spectra are 
as broad as 6.4 MHz, which is six to eight orders of magnitude broader than peaks typically 
observed in solution NMR experiments. 31P NMR spectroscopy is also performed to 
experimentally determine the electric field gradient tensor orientations with respect to the 
molecular frames as well as the signs of the copper quadrupole coupling constants. 
Theoretical calculations are again used to provide an explanation for the observed NMR 
parameters and their relationships to the molecular and electronic structure. 
In Chapter 5, multinuclear solid-state NMR spectroscopy and first principles 
calculations are employed to investigate the molecular and electronic structures of the 
platinum bisdithiolene series [Pt(tfd)2]
zlNEt4]z
+ (z = 0, 1, 2). 195Pt, I3C and 19F solid-state 
NMR spectroscopy are used to examine the electronic structure upon reduction of the series. 
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Variable-temperature 13C and 19F NMR spectroscopy are utilized to determine the 
localization of electron spin densities of the paramagnetic complex. Theoretical calculations 
are also discussed to complement the NMR results and to explain the origins of the large 
chemical shielding interaction at the platinum centres. 
To date, most UWNMR experiments are performed by acquiring the large spectrum 
in sections and co-adding or projecting the sub-spectra; this can be a tedious task for 
extremely broad patterns; hence, there are many ways that UWNMR may be improved. 
Chapter 6 explores two different approaches; probe modifications and specialized pulse 
sequences. Microcoils, arbitrarily defined as solenoid coils with inner diameters less than 
1.0 mm, have been introduced for a variety of solid-state NMR experiments.[76"79] By 
reducing coil dimensions, stronger rf fields can be generated, which can excite broader 
spectral regions. In situations where microcoils may not be suitable, specially crafted 
adiabatic pulses are another viable option. A preliminary explanation of frequency-swept 
pulses for the acquisition of broad powder patterns is also presented.[80"82] 
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Chapter 2 
Key Concepts of Nuclear Magnetic Resonance 
2.1 NMR Interactions 
The interactions of nuclear spins with electric and/or magnetic fields create 
interesting effects that can be utilized to interpret molecular structures with NMR 
spectroscopy. These effects involve a variety of nuclear spin interactions which can be split 
into two categories: (i) external interactions involving Zeeman and radio frequency (rf) 
interactions and (ii) internal interactions which include chemical shielding, quadrupolar 
coupling, direct and indirect spin-spin coupling, spin-rotation and electron-nuclear spin 
interactions. This chapter will focus on the important nuclear spin interactions that are 
associated with UWNMR. A brief summary using either quantum mechanical and/or 
classical descriptions of these interactions is provided, as well as their influences on the 
NMR line shapes. In addition to UWNMR, other important experimental methods and 
concepts that have been used throughout the thesis are also discussed. A more complete 
description of all NMR interactions and mathematical formalisms to these concepts and 
theories are provided elsewhere,[1"5] and much of the discussion herein is based on these 
sources. 
2.1.1 External Interactions 
A majority of nuclei possess non-zero angular momentum (represented as a vector 
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Figure 2.1: (a) The relation between the nuclear angular momentum (I) and 
magnetic moment (ji) vectors. For positive gamma (y), \i and I are parallel, and for 
negative y they are antiparallel. (b) Precession of the nuclear magnetic moment 
around B0; clockwise rotation when y is positive and counterclockwise rotation 
when y is negative. 
I) and a nuclear spin magnetic moment (\i) which are related by an intrinsic property known 
as the gyromagnetic ratio (y), |J. = yl (Figure 2.1a).[4] The nuclear spin can interact with 
magnetic fields from two external sources: a static magnetic field (B0) typically produced by 
a large super-conducting magnet and an oscillating magnetic field (rf field, B,) produced by 
an oscillating electric current. 
2.1.1.1 Zeeman Interaction 
When a nuclear spin is in the presence of a static field, B0, the nuclear magnetic 
moment begins to precess about the direction of the field, which is conventionally chosen to 
be directed along the z-axis. When y > 0, the magnetic moment rotates clockwise about the 
magnetic field and when y < 0, the magnetic moment rotates counterclockwise (Figure 
2.1b).[4] The rate of precession, commonly known as the Larmor frequency (to0), is related 
to y and B0 by a>0 = -yB0. 
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The largest and most dominant interaction in NMR is most often between the static 
external magnetic field and the nuclear spin. Quantum mechanically, the Zeeman 
Hamiltonian, which can be used to calculate the energies of the nuclear spin states in an 
applied magnetic field, can be written as[5] 
<KZ = , i-B0 = -hyB0Iz = %
niz f2-1! 
where h is Planck's constant (h) divided by 2% and Iz is a quantum mechanical spin operator. 
To understand the influence of the magnetic field on a nuclear spin, the simplest case 
of a nucleus with spin quantum number I - 1/2 is considered. There are two possible 
eigenstates for the nucleus, with m, = +1/2 or -1/2 (designated as a and p or spin-up and 
spin-down, respectively).[6'7] The energies of the two eigenstates are degenerate in the 
absence of a magnetic field. As B0 increases, the degeneracy of the eigenstates is removed, 
splitting them into 21+1 energy levels where their separation is proportional to the Larmor 
frequency, AE - fKaQ (Figure 2.2). The different energy levels are often referred to as the 
Zeeman eigenstates. For / = 1/2, the spin states split into a and P eigenstates with energies'^ 
NMR does not typically deal with the behaviour of a single nuclear spin, but rather, the 
average behaviour of a large collection of spins. The population of each state for an 





AE = JkOo 
— |1/2,a) 
B0 = 0 5 0 > 0 
Figure 2.2: Nuclear spin interaction with B0. The energy difference (A£) between 









= e kT = e kT [2.3] 
where k is the Boltzmann constant, and T is temperature. 
Under a classical description, a nuclear spin possess a spin magnetization (Jl) and 
when placed into B0 that is directed along the z-axis, it experiences a torque described 
by.[5,9,10] 
£ - r(l*B0 - ^ . TMo> i . -rMo, £ - 0 ,2.4, 
The solutions of the above coupled equations are:[9] 
u*(0 = u*(°) COS0V + u / ° ) s i n c V 
^ ( 0 = -^(0)sinco0? + u^Ocoscy
 [ 2 ' 5 ] 
Similar to the quantum mechanical description, the magnetization will precess at the Larmor 
frequency about the z-axis. For a collection of spins in a spin state with a bulk magnetization 
(M) parallel with B0 the spins are often termed as oc-spins, and for those in a spin state with 
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M aligned anti-parallel to B0, the spins are termed P-spins. For an ensemble of spins, the 
population difference between the two spin states will produce a net magnetization (M0) 
along the axis of precession (Figure 2.3). 
z z 
Figure 2.3: Nuclear spin precession about the z-axis of B0 and the resulting net 
magnetization. 
2.1.1.2 Radio Frequency Fields 
When an pulse is applied, a current flows through a NMR sample coil that is oriented 
perpendicular to B0 and generates a magnetic field (B,) parallel to the coil's axis. In the 
rotating frame, the frame of reference which precesses about the z-axis at with frequency wrf, 
all of the spins appear stationary, but a net magnetization is still produced. If corf is close or 
equal to cô , B0 appears to vanish and the spin magnetization will precess about B, at the 
nutation frequency, co, = y5,. The rf Hamiltonian that describes the interaction of the nuclear 
spins with the B} field can be written as
[5,11] 
^rf = ~fi(Oi(lxcos[((a0 + Q)t + G]±/sin[(co0 + Q.)t + 9]) [2.6] 
where Q, = co0 -a)rf is the offset frequency, 9 is the phase of the pulse and / and / are the 
nuclear spin operators. 
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Figure 2.4: Rotation of the net magnetization (M0) about an induced magnetic field 
(BJ after applying a rf pulse. The angle of rotation is governed by the pulse length (xp). 
Using a vector model, when a pulse is applied along the x-axis of the rotating frame 
the net magnetization will rotate (or nutate) about the x-axis in a counterclockwise direction 
(Figure 2.4), assuming that the transmitter frequency is on resonance. The degree of rotation 
is defined by the term cos(co,Tp) where cOjTp is termed the tip angle and is denoted as 9p.
[5] 
Once the pulse is turned off, the magnetization starts to precess around the z-axis at the 
Larmor frequency. The rotating magnetization creates a very weak oscillating magnetic field 
which induces an oscillating electric current in the NMR coil. This oscillation is detected 
by the receiver and is referred to as the free induction decay (FID) signal because over a 
period of time the signal intensity degenerates. This decay occurs because the magnetization 
loses phase coherence and then eventually returns to thermal equilibrium. There are two 
characteristic NMR relaxation times: (i) longitudinal relaxation time (Tr), which is the time 
required for the magnetization along the z-axis to return to the thermal equilibrium value 
(Figure 2.5a) and (ii) transverse relaxation time (T2) which is the amount of time for the 
magnetization to completely dephase in thexy-plane (Figure 2.5b). Since the magnetic fields 
of large superconducting magnets are inhomogeneous, the time corresponding to the 
decoherence of the transverse magnetization (T2*) is typically faster than T2. The effect of 
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Figure 2.5: (a) Tx is the time required for the spins to return to thermal equilibrium and 
the build-up of net magnetization along the z-axis. (b) T2 is the time required for 
complete decoherence of the magnetization in the xy-plane. (c) The influence of T2 and 
T2* on the FID. 
T2* is most often responsible for the exponential decay observed in typical FIDs (Figure 
2.5c).[4'5-9] 
2.1.2 Internal Interactions 
Nuclei may also experience influences from magnetic fields and electric field 
gradients that originate within the sample. Of these internal interactions, chemical shielding 
and quadrupolar coupling are the primary factors that result in extremely broad powder 
patterns (> 100 kHz). Other interactions that may arise for much narrower powder patterns 
are direct and indirect spin-spin couplings. These are not of great concern for UWNMR 
spectra and are only discussed briefly. 
2.1.2.1 Chemical Shielding 
When an atom or molecule is introduced into an applied magnetic field, a small 
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magnetic field (Bind) is induced by the circulation of electrons. The local magnetic field 
experienced by a nucleus is the sum of B0 and Bind. If Bind is antiparallel to B0, then the total 
magnetic field (Btot = B0 + Bind) decreases, and the nucleus is said to be shielded from B0; 
conversely, if Bind is parallel to B0, Btot increases, and the nucleus is said to be deshielded. 
The degree of shielding is dependent upon both the molecular orientation with respect to B0 
and the electronic structure of the molecule. 
3-CC5 = -yhI'H'Ti0 [2.7] 
The concept of chemical shielding is best described by the Hamiltonian:[4'5] where a 
is the chemical shielding tensor which is a second rank tensor described by a 3 x 3 matrix. 
This tensor is asymmetric and can be broken down into a secular component which is 
symmetric (the off-diagonals are equal) and a non-secular component which is anti-
symmetric (the off-diagonals are not equal). Herein the discussion will focus on the secular 
component since it is observable and influences the appearance of the NMR spectrum.[12] 
The symmetric CS tensor is more commonly expressed in its own principal axis system 












an 0 0 
0 <r22 0 
0 0 a. 33 PAS 
[2.8] 
where the trace of the tensor is non-zero. a,„ o22, and a33 are the principal components of 
the CS tensor which are defined from lowest to highest shielding as a,, < a22 <, a33, where 
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the value of 0 ppm represents no shielding (i.e., a bare nucleus). These components describe 
the degree of magnetic shielding with respect to the nucleus in three orthogonal directions. 
When using NMR spectroscopy to characterize molecular structures, observed 
resonances are not usually reported as chemical shieldings, but rather, as chemical shifts. 
The chemical shift (8) is the difference in ppm between a resonance from the unknown 
sample and a resonance from an arbitrarily chosen standard, and can be calculated by^31 
8 = K3*)x l o 6 = Kcref-^iso) „ a 
„ 1 _ iso, ref iso l*,m~l 
0) c 1-0- c 
ref iso, ref 
where CO is the oscillating frequency of the resonance of interest, coref is the oscillating 
frequency of the reference resonance, and aiso = (a n + a22 + a33)/3. For the chemical shift 
tensor, the principal components are defined in order of increasing shielding by 5 n ^ 522 ̂  
533. 
The chemical shielding Hamiltonian can also be written as[12'14] 
3-CC5 = yi?0(ansin
29cos2(p + a22 sin
20 sin29 + 033cos
20)/ [2.10] 
which describes the frequency dependence on the tensor's relative orientation with the 
magnetic field, where 0 is the angle between a33 and B0 and cp is the angle between a,, and 
the projected vector of B0 onto the a,„ a22 plane. The orientation dependence of chemical 
shielding is known as chemical shielding anisotropy (CSA). 
Solution-state NMR spectra typically consist of sharp peaks which arise from 
averaging of the large anisotropic NMR interactions by rapid molecular tumbling (Figure 
2.6a). For stationary solid samples, such averaging does not occur and broader spectra 
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Figure 2.6: (a) Solution-state NMR spectrum. Averaging the CSAofa nuclear site in a 
molecule builds up signal underneath a single peak, (b) Solid-state NMR powder pattern 
(left) produced by signals of all possible crystallite orientations (right) at different 
frequencies with respect to the magnetic field in a powder sample. 
known as powder patterns are observed. Powdered samples consist of crystallites whose 
tensors are oriented in all possible directions with respect to the magnetic field. Each 
crystallite direction is associated with a sharp peak at a unique frequency; however, when all 
of the unique crystallite orientations are present at once, as they are in a powder, a broad 
frequency spectrum, a powder pattern, is generated (Figure 2.6b). Since the signal is spread 
over a large frequency range, the intensity is reduced compared to solution NMR. Although 
spectral acquisition of solid samples is not as trivial as those in the solution-state, more 
information about the molecular and electronic structure can be deduced from the shape and 
breadth, both of which are dependent upon the NMR interactions that are present. 
For spin-1 /2 nuclei that are solely influenced by CSA, there are three conventions that 
are commonly used to describe a CS powder pattern (Figure 2.7). The standard notation is 
the most basic in which the principal components of the CS tensor are used to describe the 
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Figure 2.7: Different CS tensor conventions used to describe the CS powder patterns. 
From left to right are the standard (a), Herzfeld-Berger (b) and Haeberlen (c) 
conventions, a = 822 -8 i so and b = (8^ -8^)12. Adapted from figures by Klaus Eichele 
(http://anorganik.uni-tuebingen.de/klaus/nmr/) 
be calculated by 
(5 n + 522 + 533) 
[2.11] 
The Herzfeld-Berger convention1161 uses two parameters, the span (Q) and skew (K), 
Q = 5 n - 8 . 33' K 
3(522-5iSo) [2.12] 
which describe the breadth of the pattern (or degree of anisotropy) and degree of axial 
symmetry of the CS tensor, respectively (Figure 2.8). This is the convention used herein. 
Another common convention is the Haeberlen notation, which is not as 
straightforward as the previous two conventions. Principal components are defined distinctly 
relative to the isotropic shift:[17] 
K - 5isol * K - 6 i J * K - 5is0l [2.13] 
Similar to the Herzfeld-Berger convention, two parameters, the anisotropy (A8) and 
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Figure 2.8: Influence of Q (left) and K (right) on the chemical shielding dominated 
powder pattern line shape. 
asymmetry (n) parameters, can be used to characterize the shielding tensor: 
(8 +8 ) 
V XX W' A5 = 8 - - ^ — £ 1 
2 
5 - 8 
_ yy xx 
8 - 8 . 
ZZ ISO 
[2.14] 
On occasion the reduced anisotropy (5 = 5^ - 5is0) is also used for the Haeberlen convention 
but it is often not reported. 
2.1.2.2 Quadrupolar Coupling 
Thus far, all nuclear spin interactions have been between fields and moments that are 
magnetic in origin; however, there exists an NMR interaction that is electric in origin which 
can profoundly impact the secular and non-secular attributes of the NMR spectrum. For 
nuclei with/> 1/2, the nuclear charge distribution is spherically asymmetric (as opposed to 
spins with / = 1/2 which have spherical charge distributions). The degree of asymmetry is 
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described by the nuclear quadrupole moment (eQ) which is on the order of 10~28 m2. The 
quadrupolar nucleus interacts with the non-vanishing electric field gradient (EFG) of the 
molecule. This interaction can be represented by the Hamiltonian:C5] 
3-^ eQ 
21(21-l)H 
I V I [2.15] 
where V is the EFG tensor which is symmetric and traceless, i.e., Tr( V) = 0. The EFG 
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[2.16] 
PAS 
The principal components of the EFG tensor are defined such that: \VU\ < \V22\ z \V33\. The 
quadrupolar interaction can be described by two parameters: the quadrupolar coupling 
constant (CQ) and the asymmetry parameter (TJQ) which are defined as: 
X, 33 (vn-v22) [2.18] 
33 
CQ is a measure of the quadrupolar coupling and T|Q is a measure of axial symmetry of the 





Similar to the CS tensor, the quadrupolar interaction has an orientation dependence with the 
magnetic field. Quadrupolar spins will experience a quadrupole frequency shift given by:[l8] 
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V«° = 2^i) ^ W [2-191 
where 0 is the angle between V33 and B0. 
The quadrupolar Hamiltonian can be broken down into first- and second-order terms 
JT.0 - JT.Q + [HQ [2.20] 
which perturb the Zeeman eigenstates (Figure 2.9). The energy levels can be corrected using 
the equations15,19,201 
V S - / ± 1
 = - ^ [ ( l - 2 ^ 7 ) ( 3 c o s
2 e - 1 +T!Qsin
2ecos20)] [2.21] 
2 
v??/2,-i/2 = —^- {- sin2e[(J + J9)COS20-5] - nQcos20 sin
29 [(A +B)cos2Q + B] 
JO* \A-(A + 4£)COS29 - (A + 5)cos20 (cos2G - l)2]} [2'22a] 
where 
A = 24w / (w / - 1) -47(7+1)+9 
5 = I - [6m ;(»j r 1) - 27(7 + 1) + 3] 
[2.22b] 
Considering the simplest half-integer quadrupolar nucleus, 7 = 3/2, there are 27 + 1 = 4 
quantized eigenstates along the Zeeman axis; ±1/2 and ±3/2 (Figure2.9) and three observable 
transitions: a central transition (CT), which is the transition from the -1/2 to +1/2 eigenstate, 
and two satellite transitions (STs) which are -1/2 «• -3/2 and +1/2 <- +3/2 eigenstates. The 
29 
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Figure 2.9: First- and second-order quadrupolar perturbation from the Zeeman 
levels for a spin-3/2 nucleus. Note that zero-field degeneracies are neglected in this 
figure. 
first-order interaction only affects the satellite transitions since the energy changes for ±1/2 
eigenstates are equal. However, the second-order interaction influences all three transitions. 
In most cases, only the CT powder patterns are observed because the STs are much 
broader due to the first-order quadrupolar interaction, and their signals are lost in the noise 
of the baseline. In cases where CQ is reduced, it is possible to partially or completely observe 
the STs, though this is not common for the lower half-integer spins like 3/2 and 5/2. 
Quadrupolar couplings can complicate a powder pattern quite substantially depending on the 
strength of the quadrupolar interaction. For molecules with high spherical symmetry about 
the nucleus of interest (e.g., perfectly octahedral or tetrahedral), the ground state electronic 
charge is distributed symmetrically around the nucleus, resulting in a CQ of zero (Figure 
2.10).[21'22] As the spherical symmetry is reduced, the quadrupolar coupling increases, 
broadening the spectrum. The influences of these parameters on the static second-order 











Figure 2.10: Relationship between the magnitude of CQ and the molecular site symmetry. 
Adapted from the work of Kentgens.[22] 
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Figure 2.11: Influence of CQ (left) and T|Q (right) on the static quadrupolar powder pattern 
line shape. 
2.1.2.3 Euler Angles 
In cases where both CS and EFG tensor interactions are present, their relative 
orientation also alter the line shape. The relative tensor orientation is expressed by three 
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angles, a, p\ and y, which are collectively known as Euler angles.[23] Unfortunately there are 
many conventions used to derive the angles which describe the relative EFG and CS tensor 
orientation.[3'24~26] For this thesis, the rotation of the CS tensor from a fixed EFG tensor 
frame into its own PAS will be used and is described as follows: Before any rotation, both 
the CS and EFG tensors are coincident such that V33/a33, V7ll<511 and Vn/on are parallel to 
x-, y- and z-axes, respectively, of an arbitrary coordinate system (Figure 2.12). The first 
operation involves a positive rotation of the CS tensor by an angle a about the z-axis, 
resulting in a new frame in the (x', y', z') coordinate system, where o33, a22 and a n are 
along the x', y', and z' axes, respectively. Next, the new frame is then rotated by an angle 
P about the/-axis resulting in a frame with x", y",and z" axes. The final positive 
rotation then occurs about z" by an angle y, resulting in the CS tensor being in its own PAS 
Figure 2.12: Pictorial representation of the CS tensor rotation from the fixed EFG tensor 
frame of reference (x, y, z) into its own PAS (X, Y, Z). 
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which is coincident with theX, Y, Z coordinate system. Here a positive rotation is defined 
as a right-handed (counter-clockwise) rotation along the positive axis of the defined 
rotational axis.[27] Angles a and y range between 0 and 360° while p ranges between 0 and 
180°.[,0'1I] 
2.1.2.4 Direct and Indirect Spin-Spin Couplings 
Direct spin-spin coupling, or the dipole-dipole interaction, arises from the interaction 
between the magnetic moments of two nuclear spins. The dipole-dipole Hamiltonian can 
be expressed as[28] 
^ J D = - * * . DD I S -
3(I-r)(S-r) [2.23] 





where |io is the permeability constant, r is the internuclear distance, and y, and ys are the 
gyromagnetic ratios of spins /and S, respectively. The dipole-dipole interactions involving 
both hetero- and homonuclear spin pairs are field orientation dependent, since their 
individual Hamiltonians contain the geometric term (3cos20 -1):[4] 
,-hetero 
^ D D = -RBDQcos
l9-l)IjSg 
r-homo 
^ D D = - ^ D D ( 3 C O S 2 0 - 1 ) 
A A I / ^ A A A \ 
[2.25] 
[2.26] 
where 0 is the angle between B0 and the vector between interacting spins. Since the dipole-
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dipole interaction contains the term (3cos20 -1), the interaction is averaged to zero due to 
the rapid isotropic tumbling of molecules in the solution state. 
Indirect spin-spin coupling, more commonly known as ./-coupling, is the interaction 
of the magnetic moments of nuclear spins through chemical bonding networks. The indirect 
spin-spin coupling Hamiltonian is written as[28] 
Hj = M - J - S [2.27] 
where J is the /-tensor which has a non-zero trace. The /-coupling interaction between 
nuclear spins / and S perturbs the Zeeman energy levels of each nucleus, causing the 
observed peak to split. In the NMR spectrum of spin/, the peak splits into 25+1 resonances 
that are evenly spaced; similarly, 2/+1 splittings are observed in the spectrum of S. The J-
tensor can be broken down into six components; however, the isotropic portion, also known 
as the ./-coupling constant, is of great interest since it has a direct influence on the NMR 
spectrum and can be related to the molecular structure. For example, in a three-bond 
coupling system, the magnitude of the coupling constant can be approximated using the 
Karplus relationship :[29] 
JJS(A,B,C,y) = A +Bcosy + Ccos
2(p [2.28] 
where A, B and C are experimentally determined constants and <p is the dihedral angle 
around the central bond that is transmitting the coupling between the spin pairs. The reduced 
coupling constant (KIS) is more convenient for reporting the spin-spin coupling in different 
molecules since it is independent of the nuclear moments of the two nuclei and is only 
dependent on their gyromagnetic ratios :[30'31] 
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4TI2X„ 
KIS = — - £ [2.29] 
2.2 Selected Experimental Methods 
Two challenging aspects of solid-state NMR (SSNMR) spectroscopy are its 
inherently poor experimental sensitivity and low resolution. Many research investigations 
have endeavoured to improve these aspects of SSNMR. This section focuses on some of 
the general methods that are of key importance for the studies discussed in this thesis; other 
more focussed methods will be discussed chapter by chapter. 
2.2.1 Magic Angle Spinning (MAS) 
High-resolution NMR spectra of solution samples are commonly obtained and are 
widely used for structural characterization. Anisotropic NMR interactions that broaden 
solid-state powder patterns are averaged to zero in solution, because of the orientation 
dependency of the molecule with respect to B0. Acquisition of high S/N, broad, solid-state 
NMR spectra is a challenging endeavour. In order to acquire high-resolution NMR spectra 
of powdered samples, mechanical spinning of the sample is commonly applied. Orientation-
dependent first-order NMR interactions, such as CS A and dipolar coupling, contain the term 
(3cos20 -1) where 0 is the angle between the largest tensor component and the static 
magnetic field. Under sample rotation about an axis at an angle 6R with respect to B0, 0 
varies as the crystallite position changes with time. The average orientation-dependence of 
the interaction tensor then becomes :[5] 
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<3cos29 - 1) = -(3cos20R - l)(3cos
23 - 1) [2.30] 
where p is the angle between the largest tensor component and the rotational axis. By 
setting 9R to 54.74°, the so-called "magic-angle," the right hand side of the above equation 
becomes zero, and all first-order NMR interactions are averaged to zero. 
Under slow spinning conditions, the powder pattern is observed as a series of peaks 
separated from one another by a distance identical to the sample rotational frequency (vrot) 
in Hz (Figure 2.13a). One peak corresponds to the isotropic peak and all others are known 
as spinning sidebands. The integrated intensity of the powder pattern is localized under 
these peaks, increasing the signal-to-noise (S/N) ratio. For spin-1/2 nuclei, the spinning 
sideband pattern reflects the static CSA powder line shape, and so chemical shielding 
information can be deduced from the spinning sideband manifold using the Herzfeld-Berger 
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Figure 2.13: The influence of sample rotation on (a) CSA dominated and (b) quadrupolar 
dominated powder patterns. Signal enhancement is achieved since the signal intensity 
increases under the peaks as the rotational speed (vrot) becomes faster. 
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pattern, will result in solution-like spectra with only the isotropic resonance(s). For 
quadrupolar nuclei, second-order interactions are only partially averaged out by MAS 
resulting in a pattern with a second-order line shape defined by CQ and T|Q (Figure 2.13b).
[32] 
2.2.2 Frequency-Stepped NMR 
For extremely broad powder patterns, MAS is not always be a viable option for 
averaging first-order NMR interactions because: (i) strong rf powers are required to excite 
all crystallites and obtain the entire spinning sideband manifold, (ii) for patterns with 
second-order interactions the spinning sidebands maybe large and overlap with each other, 
creating an unresolvable spectrum, and (iii) for unreceptive nuclei signal enhancement 
methods, such as cross polarization (vide infra), are sensitive to spinning speeds. In the last 
case, experiments are performed under non-spinning (static) conditions. In order to acquire 
ultra-wideline spectra of stationary samples, the frequency-stepped variable offset 
cumulative spectra (VOCS) NMR technique is employed in this thesis. As discussed earlier 
in Chapter 1, the VOCS method involves stepping the transmitter across the frequency 
region of the powder pattern, collecting portions of the spectrum at a time. For a rectangular 
pulse, the excitation profile can be calculated by the equation:[10] 
E(m) = cOjXp 
sin(cox ) COS(COT ) - 1 
v tax,
 +l ^ , 
[2.31] 
where co, is the Bx field strength and x is the pulse length. The region of excitation is often 
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Figure 2.14: (a) The effects of applying improper frequency increment values on the 
excitation profile. Enhancement at the center of the profile occurs when the increment is 
too small and with a large increment the excitation depletes at the center, (b) The set of 
sub-spectra collected across a frequency range are processed by (i) skyline projection or 
(ii) addition. 
limited by the NMR hardware; hence, only sections of the powder pattern can be excited in 
a single experiment, thus requiring stepping the transmitter across the frequency region of 
the powder pattern. Careful selection of the frequency increment when moving the 
transmitter must be made to ensure a uniform rectangular excitation area across the entire 
pattern. An offset frequency that is too small or too large will not evenly excite the 
frequency range creating distortions in the spectrum line shape (Figure 2.14a). The collected 
sub-spectra can be processed in two ways; (i) taking the sum of all the sub-spectra or (ii) 
combining all spectra forming a projection of the most intense features (skyline projection) 
to generate the final wideline spectrum (Figure 2.14b).[33'34] 
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2.2.3 Cross Polarization 
Observation of NMR signals from a small number of spins (dilute nuclei), either 
from low natural abundance or reduced concentrations, is difficult for a number of reasons. 
First, the S/N is reduced because of the reduced number of spin. Second, in solids, dilute 
nuclei which are isolated from oscillating magnetic fields produced by neighbouring NMR 
active nuclei undergoing rapid motion often have long T, relaxation time constants, on the 
order of minutes, hours or even days. Finally, many of these dilute nuclei have low 
gyromagnetic ratios, which in combination with the previous factors, results in lengthy 
experimental times. The cross-polarization (CP) pulse sequence is the most common 
method used for studying dilute nuclei.[35] The CP experiment uses dipole-dipole coupling 
interactions to transfer magnetization from an abundant nucleus S (e.g., 'H, 19F) to a dilute 
nucleus/(e.g., 13C, 15N, 195Pt) to increase sensitivity. Abundant nuclei like 'H and 19F often 
experience strong homonuclear dipolar couplings and concomitant fluctuating magnetic 
fields; hence, the overall time of a CP experiment is typically much reduced, since the 
recycle time for the pulse sequence is dependent upon the shortened Tx of the abundant 
nucleus, rather than that of the dilute nucleus. 
The transfer of magnetization is performed using a two-channel pulse sequence 
(Figure 2.15) and the basic experiment occurs in three stages.[5] First, if a 7t/2 pulse is 
applied, with Bj along the x-axis, on the S channel, the S magnetization tips from the z-axis 
into the xy-plane. A spin-locking pulse (or contact pulse) is then applied on the / and S 
channels to lock the S magnetization and permit build up of/magnetization along the -y-
axes of rotating frames. For maximum magnetization transfer, the two Bx fields, BX{J) and 
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5,(5), must nutate at the same frequency (in the absence of MAS). This can be 
accomplished by matching the following condition: 
Vj(i) = vx(S) 
JAW = y^S) [ 2 .3 2] 
Under this condition, the Hartmann-Hahn matching condition, the energy levels of the / and 
S nuclei are matched in their rotating frames. Under these circumstances, the normally 
forbidden transitions of the dipolar Hamiltonian are allowed, and spin polarization 
(magnetization) is transferred from S to /. The length of the spin-locking pulse is called the 
M r 
Contact 
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Figure 2.15: Cross-polarization pulse sequence. 
contact time, which is normally in the ms regime, and varies depending on the nature of 
molecular-scale motion in the sample. The final section of the pulse sequence involves the 
acquisition of the signal on the / channel, with simultaneous decoupling on the S channel 
for removal of heteronuclear dipolar coupling which may convolute the spectrum. 
2.2.4 Spin-echo and QCPMG Pulse Sequences 
Broad powder patterns resulting from large anisotropic quadrupolar and chemical 
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shielding interactions are associated with extremely short T2* relaxations and rapidly 
decaying FIDs. In some cases, it is difficult to acquire the FED signal since the decay may 
be much shorter than or on the order of the time allowed to turn on the receiver. A solution 
to this problem is to use a spin-echo pulse sequence, which refocuses the transverse 
magnetization prior to detection.[36,37] The pulse sequence (Figure 2.16a) starts with a K/2 
pulse which tips the magnetization into the xy-plane and is followed by a delay (x,) to allow 
the magnetization to dephase. The n pulse then inverts the magnetization which is then 
refocused during x2. During this time delay, the high current and any acoustic ringing 
associated with the pulse are allowed to dissipate, providing enough time to turn on the 
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Figure 2.16: (a) Spin-echo and QCPMG pulse sequences, (b) Spin-echo FID where a 
full echo is acquired and the corresponding spectrum, (c) The QCPMG FID embodies 
a chain of spin-echoes, determined by the number of Meiboom-Gill (MG) loops of the 
pulse sequence, and the associated spikelet spectrum. 
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powder pattern as shown in Figure 2.16b. This method ensures that the full FID can be 
acquired, and that spectral distortions will be minimal. 
The (quadrupolar) Carr-Purcell-Meiboom-Gill (QCPMG) pulse sequence was 
recently utilized as a signal enhancement sequence for half-integer quadrupolar nuclei.[34'38" 
41] The sequence is similar to the spin-echo experiment; however, additional refocusing 
pulses and delays are incorporated after the initial refocusing pulse and acquisition time 
(Figure 2.16a). In favourable circumstances (vide infra), sensitivity can be enhanced by an 
order of magnitude, since a train of echoes is collected rather than a single echo. The gain 
in the signal-to-noise ratio (S/N) is proportional to T2 and the acquisition time (ta):
[42] 
Gm « — [2-33] 
This is beneficial for systems where the T2* relaxation is much shorter than T2, which is 
often the case for quadrupolar nuclei and spin-1/2 nuclei with large anisotropic chemical 
shielding tensors. Fourier transformation of this FID produces a powder pattern that is 
composed of a series of spin-echo sidebands that are separated by l/xa (see Figure 2.16), 
whose manifold reflects the regular spin-echo powder pattern (Figure 2.16c). 
2.2.5 Ab initio and DFT Calculations 
The NMR tensor principal components can be measured directly from the powder 
patterns; however, the tensor orientations are only directly obtainable from single-crystal 
NMR spectra, or indirectly inferred from molecular symmetry. Single crystal NMR 
experiments require large high-quality crystals, which is atypical of most NMR sample of 
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interest. An alternative approach for determination of NMR tensor orientations is first 
principles calculations. There are numerous publications that report the use of Hartree Fock 
and/or density functional theory (DFT) calculations to predict CS and EFG tensor 
parameters and their orientations in a variety of systems.[43"52] A sure sign of reliable NMR 
tensor orientations is good agreement between experimental NMR parameters and 
theoretically calculated tensors; however, this agreement is dependent upon the prudent 
choice of calculation method and basis set. A basis set is a set of functions that are used to 
describe atomic orbitals which are combined to describe MOs based on the method used. 
A better description of the MOs can be made with large basis sets, however the calculation 
becomes more computationally demanding. 
There are two main calculation methods that are used in this work: (i) Hartree-Fock 
(HF) MO calculations using the Gaussian 03 software package and (ii) DFT MO 
calculations using Amsterdam Density Functional (ADF) software suite. These methods 
use full quantum mechanical treatments to calculate molecular electronic properties. The 
HF method uses optimized wave functions to determine the properties of a system. The 
fundamental approximation that is made with HF calculations is that each electron views 
all others as an average field. Therefore, only the repulsion between electrons and not the 
correlation between electrons in space are taken into account when determining the HF 
wave functions. The iterative self-consistent field (SCF) procedure is used to calculate the 
wave functions and minimum energy of the system. DFT calculations are based on the 
electron density distributions instead of wave functions. Unlike the HF method, the electron 
correlations are also considered in the calculation, but are only approximated. DFT uses a 
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similar iterative calculation procedure, but the electron density of the system is treated to 
minimize the energy. Full descriptions of all of these methods are beyond the scope of this 
thesis, and better described elsewhere.[53"56] 
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Chapter 3 
Ultra-Wideline 27A1 NMR Investigations of Three- and 
Five-Coordinate Aluminum Environments 
3.1 Introduction 
Solid-state NMR spectroscopy has been routinely applied over the last decade for the 
characterization of ordered and disordered solid materials.[1,2] Notably, NMR spectroscopy 
of half-integer quadrupolar nuclei (that is, nuclear spin, 7 = 3/2, 5/2, 7/2 or 9/2) has become 
crucial for the study of solid materials, due to recent advances in NMR hardware, increased 
magnetic field strengths and development of new pulse sequences. [3"5] 27A1 (1= 5/2) is known 
to have very favourable NMR characteristics which include 100% natural abundance, a high 
magnetogyric ratio (y = 6.97620 x 107 rad T"1 s"', v0 = 104.1 MHz at 9.4 T) and a moderate 
nuclear quadrupole moment (g(27Al) = 0.1402 x 10"28 m2).[6] Solid-state 27A1 NMR 
spectroscopy has been applied to investigate countless aluminum-containing materials, 
including microporous and mesoporous solids such as zeolites, aluminosilicates and 
molecular sieves; natural and man-made minerals and gemstones; aluminum coordination 
compounds and organoaluminum complexes; as well as assorted aluminum-containing 
biological systems.[4'5'7"101 
An interesting aspect of solid-state 27A1 NMR spectroscopy is the relatively facile 
differentiation of aluminum species with variation in coordination number, ligand identity 
and molecular symmetry. Four- and six-coordinate aluminum species are very common, and 
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readily distinguished by 27A1NMR spectroscopy.[4'7,11] Conversely, three- and five-coordinate 
aluminum environments occur less often and are sometimes extremely difficult to be 
characterized by NMR spectroscopy. Nonetheless, some solid-state 27A1 NMR experiments 
have been conducted on five-coordinate aluminum species such as luminescent aluminum 
coordination complexes112'131 and andalusite (Al2Si05),
[14] as well as three-coordinate 
aluminum species including (aminato)- and (propanolato)aluminum clusters and 
methylaluminoxanes.[15] As the spherical ground-state electronic symmetry about a 
quadrupolar nucleus decreases, as is the case for many three- and five-coordinate aluminum 
centres, augmented electric field gradients (EFGs) occur, which in turn give rise to an 
increase in the magnitude of the quadrupolar interaction (the interaction between the nuclear 
electric quadrupole moment, eQ, and the EFG within the molecular or ionic system). The 
EFG at a quadrupolar nucleus is described by a symmetric, traceless tensor, which has three 
principal components in its own principal axis system which are defined such that \Vn\ < 
1̂ 221 ^ IP331- Measurement of the quadrupolar coupling constant (CQ = eQV33/h) and 
asymmetry parameter (r\Q = (Vu - V22)/Vi3) provides a secondary probe of aluminum 
environments which complements chemical shift data. 
Values of CQ in excess of 15 MHz severely broaden the central transition (CT) in
 27A1 
NMR spectra acquired at standard magnetic field strengths, making the acquisition of such 
spectra by routine methods difficult. Some NMR studies on such aluminum sites involved 
the indirect observation of quadrupolar nuclei via the NMR spectra of dipolar-coupled spin-
1/2 nuclei. Grey and Vega proposed the use of double resonance 'H{27A1} TRAPDORNMR 
spectroscopy for indirect measurement of CQ(
27A1) at Bronsted acid sites in dehydrated zeolite 
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HY.[16] The so-called "invisible" aluminum nuclei have CT signals which are broadened 
beyond detection by standard 27A1 spin-echo NMR experiments. Direct observation of 
quadrupolar nuclei with large values of CQ is more desirable, given that in many systems the 
quadrupolar nucleus will not be dipolar coupled to nearby spin-1/2 nuclei. 
Stepped-frequency[15'17] and swept-frequency[15'18,19] techniques have been applied to 
acquire 27A1UWNMR spectra of solid materials. However, the main disadvantage of these 
techniques is the large number of scans and correspondingly long time periods required to 
acquire such spectra. For instance, Bryant and co-workers acquired a full frequency-stepped 
27A1 CT spectrum of an (aminato)hexaaluminum cluster which is ca. 150 kHz in breadth at 
9.4 T (CQ(
27A1) = 17.5 MHz) with a total acquisition time of 46 hours.[15,18] The acquisition 
of an even broader 27A1 UWNMR spectrum (breadth of ca. 400 kHz, CQ(
27A1) = 37 MHz) is 
impressive, though there is much interference from FM radio signals in these spectra due to 
the moderate S/N.[14] Low symmetry aluminum coordination environments occur in many 
important solid materials; clearly, the rapid acquisition of solid-state 27A1 NMR spectra for 
aluminum sites with large values of CQ(
27A1) would be invaluable. 
Herein, frequency-stepped techniques[20"22] are combined with either the quadrupolar 
Carr-Purcell Meiboom-Gillt23] (QCPMG) or Hahn-echo pulse sequences to acquire high S/N 
27Al NMR ultra-wideline CT powder patterns. The experimental methodology, which is 
explained in detail, is applicable to a wide range of nuclei with large quadrupolar interactions. 
Herein, this methodology is applied to acquire 27A1 NMR spectra of four aluminum-
c o n t a i n i n g c o m p l e x e s : t r i s m e s i t y 1 a l u m i n u m ( A l M e s 3 ) , 






,U C1 ® C2 
(d) [Et2-Al(//-OTHF)] 
Scheme 3.1: Molecular structures of (a) AlMes3, (b) A1(NTMS2)3, (c) [Me2-Al(ju-
OTHF)]2, and (d) [Et2-Al(//-OTHF)]2. Hydrogen atoms were removed for clarity. 
aluminum] ([Me2-Al(//-OTHF)]2) and bisfdiethyl tetrahydrofurfuryloxide aluminum] ([Et2-
Al(//-OTHF)]2) (Scheme 3.1). In addition, this methodology is used to detect the satellite 
transition (ST) powder patterns of AlMes3 and A1(NTMS2)3.
 27A1EFG tensors have been 
calculated using a variety of first-principles methods, in order to investigate the origin of the 
large 27A1 quadrupolar interactions and their relation to the non-spherical three- and five-
coordinate aluminum coordination environments. Population analyses of molecular orbitals 
are used to examine the variation in EFG tensors in three-coordinate aluminum species. 
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3.2 Experimental 
3.2.1 Sample Preparation 
Preparation of the three-coordinate aluminum compounds, AlMes3 and A1(NTMS2)3, 
were conducted in a dry nitrogen glove box and via the use of Schlenk line techniques. 
MesBr, LiN(SiMe3)2, Mg metal and A1C13 were acquired from Aldrich Chemicals and used 
as received. Solvents were purified employing a Grubbs' type solvent purification system 
manufactured by Innovative Technology. AlMes3 was prepared following the literature 
procedure124,251 by reacting MesMgBr (prepared in situ from MesBr and Mg metal) with A1C13 
in THF. Pure AlMes3THF was then heated to 140 °C under reduced pressure (0.5 mmHg) 
overnight to remove the coordinated THF solvent. To ensure sample purity, solvent free 
AlMes3 was then recrystallized three times from a hot rc-pentane solution cooled to -35 °C. 
]H NMR: 8 6.74 (s, 6H, Ar), 2.43 (s, 18H, o-Me), 2.16 (s, 9H,/?-Me). 13C NMR: £145.0, 
144.1, 139.6, 127.8, 25.5, 21.7. A1(NTMS2)3 was prepared in a similar manner to the 
literature procedure/261 however, purification entailed first crystallizing the crude semi-solid 
from w-pentane, followed by sublimation of the crystallized material onto a water-cooled cold 
finger (static vacuum, 60 °C). After 30 minutes, the sublimation apparatus was moved to a 
dry box and the cold finger was cleaned to remove any volatile impurities. The sublimation 
was then continued for several hours to give pure A1(NTMS2)3. 'H NMR: 5 0.36 (s).
 I3C 
NMR: 5 6.4. The pentacoordinate samples, [Me2-Al(//-OTHF)]2 and [Et2-Al(/w-OTHF)]2, 
were prepared according to previously outlined methods.[27] 
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3.2.2 Single Crystal XRD 
Single crystals were mounted in thin-walled capillaries under an atmosphere of dry 
N2 in a glove box and flame sealed. The data were collected using the SMART
[28] software 
package on a Siemens SMART System CCD diffractometer using a graphite monochromator 
with MoKa radiation (k = 0.71073 A). A hemisphere of data was collected in 1448 frames 
with 10 second exposure times. Data reduction was performed using the SAINT[29] software 
package and absorption correction was applied using SADABS.[29] The structures were 
solved by direct methods using XS and refined by full-matrix least-squares on F2 using XL 
as implemented in the SHELXTL suite of programs.[30] All atoms other than hydrogen were 
refined anisotropically. Hydrogen atoms were placed in calculated positions using an 
appropriate riding model and coupled isotropic temperature factors. CCDC 275905 and 
275906 contain the supplementary crystallographic data for this paper, and can be obtained 
free of charge from the Cambridge Crystallographic Data Centre via 
http://www.ccdc.cam.ac.uk/products/csd/request/. Thermal ellipsoid plots were produced 
using ORTEP-3 for Windows.[31] 
3.2.3 Powder XRD 
Powdered samples were packed into 1.0 mm glass capillary tubes under dry nitrogen 
and flame sealed. Powder X-ray diffraction (PXRD) patterns were collected using a Bruker 
AXS HI-STAR system using a General Area Detector Diffraction System (GADDS). X-ray 
source employed was a CuKa radiation (1.540598 A) with an area detector using a 20 range 
between 3.60° and 60.4°. 
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3.2.4 Simulation of Powder X-ray Diffraction Patterns 
PXRD patterns were simulated using the PowderCell software package created by 
Kraus and Nolze.t32] Refined sets of structural coordinates for AlMes3 and A1(NTMS2)3 used 
for the simulations were obtained in this laboratory as described above. Structural 
coordinates for [Me2-Al(//-OTHF)]2 and [E^-Al^-OTHF)]^ including proton positions, were 
obtained from the literature.[27] 
3.2.5 Solution NMR Spectroscopy 
Solution 'H and ^Cj'H} NMR spectra were acquired at room temperature using 
Bruker Avance 300 MHz and 500 MHz NMR spectrometers. Samples were dissolved in 
C6D6.
 !H and 13C chemical shifts were referenced with respect to tetramethysilane (0.0 ppm). 
3.2.6 Solid-State NMR Spectroscopy 
All samples were ground into fine powders inside a dry nitrogen glove box and packed into 
4 mm o.d. zirconia rotors, which were then sealed with air-tight Teflon caps. Hahn-echo and 
QCPMG 27A1 NMR and 13C {'H} CP/MAS NMR spectra were obtained on a Varian Infinity 
Plus NMR spectrometer with an Oxford 9.4 T (v0('H) = 400 MHz) wide-bore magnet, 
utilizing a 4 mm double-resonance HX magic-angle spinning (MAS) NMR probe. 27A1 
chemical shifts were referenced to a 1.0 M aqueous solution of A1(N03)3 (5iso = 0.0 ppm) and 
13C resonances were referenced to tetramethylsilane (5iso = 0.0 ppm) using adamantane as a 
secondary standard (8iso = 38.57 ppm for the high frequency resonance).
t33] 
Hahn-echo and QCPMG pulse sequences were applied for acquisition of all 27A1 
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NMR spectra. The Hahn-echo sequence has the form (nl2\ - x, - (TC)̂  - x2 - acq, where x 
represents a small delay on the order of 20 to 100 \is. The QCPMG sequence is similar 
except that a train of alternating refocusing pulses and acquisition periods follow the Hahn-
echo sequence.123' Ultra-wideline central- and satellite-transition patterns were acquired using 
piecewise NMR experiments. Initially, the effective excitation bandwidth for a given rf field 
and pulse width is determined from an individual sub-spectrum. An appropriate offset step 
size is then selected so that when adding together the effective excitation bandwidth from 
each sub-spectrum, the total excitation is uniform and "rectangular". The offset frequency 
was set to an integer multiple of the spikelet separation in QCPMG experiments. The 
transmitter frequency is stepped outwards from the Larmor frequency in both directions until 
no CT signal can be detected.118,34-371 
For the static 27A1 Hahn-echo experiments, the spectral width was set to 4000 kHz 
(dwell time, 0.25 us). For all experiments, a selective nil pulse width of 0.92 us with an rf 
field of v, = 90.57 kHz, a recycle delay of 0.50 s, and interpulse delays of xx = x2 = 20 \is were 
applied. 13 to 15 sub-spectra were collected at offsets of 80 kHz for the CTs. 7408, 7600, 
3216 and 3216 scans were acquired, per sub-spectrum, for AlMes3, A1(NTMS2)3 
[Me2-Al(//-OTHF)]2 and [Et2-Al(//-OTHF)]2, respectively. 
Static 27A1 QCPMG NMR experiments utilized the same parameters as the 
corresponding Hahn-echo experiments. High resolution CT spectra were obtained using 40, 
101, 40 and 19 Meiboom-Gill (MG) loops, to accommodate the full T2 decay, for AlMes3 
A1(NTMS2)3> [Me2-Al(/z-OTHF)]2 and [Et,-Al(//-OTHF)]2, respectively. The acquisition time 
for each echo, xa, was adjusted to attain a spikelet separation (l/xa) of 10 kHz. 10 to 14 sub-
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spectra were collected using an offset frequency of 80.0 kHz and starting central frequencies 
of 104.09,104.07,104.07, and 104.07 MHz for AlMes3, A1(NTMS2)3, [Me2-A10tf-OTHF)]2 
and [Et2-Al(//-OTHF)]2, respectively. QCPMG sub-spectra were processed using NUTS 
NMR software/381 The FIDs were left-shifted to the start of the first full echo, Fourier 
transformed and magnitude processed. Then, sub-spectra were either co-added or projected 
in skyline format, as described previously.[36] 
Lower resolution spectra (l/xa = 20 kHz) of the CT and STs were obtained only for 
AlMes3 and A1(NTMS2)3, using 39 and 163 MG loops, respectively. A total of 10 to 14 
sub-spectra were acquired for the CT, whereas regions containing the sharp discontinuities 
of the ±1/2 ~ ±3/2 and ±3/2 « ±5/2 STs required the acquisition of only 5 or 6 sub-spectra. 
uC{lR} CP/MAS NMR experiments were performed atv0(
13C) = 100.52 MHz using 
spectral widths of 50,10,20 and 50 kHz for AlMes3, A1(NTMS2)3, [Me2-Al(//-OTHF)]2 and 
[Et,-Al(//-OTHF)]2, respectively. Proton 7c/2 pulse widths of 4.2, 3.6,4.3, and 3.5 |Lis, 'H rf 
fields of 59.5,69.4, 58.1 and 71.4 kHz and Hartmann-Hahn matched radio frequency fields, 
for cross polarization, of 29.8, 34.7, 38.7 and 47.6 kHz were also utilized. Contact times of 
17.0, 0.50, 10.0 and 1.0 ms were used along with calibrated recycle delays of 12.50, 11.75, 
20.00 and 10.00 s. Multiple sample spinning frequencies ranging from 5 to 9 kHz were used 
to identify the isotropic peaks. 
3.2.7 NMR Simulations 
NMR parameters, CQ(
27A1) T|Q and 5iso, were determined by analytical simulations of 
the envelope of the QCPMG spectra using the WSolids software package.[39] Simulations of 
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the lower-resolution spectra, which include all STs, were also performed to support the high-
resolution findings. Numerical simulations of QCPMG NMR spectra were conducted with 
the SIMPSON simulation package.[40] The crystal file zcw4180, provided with the package, 
was employed for all SIMPSON simulations. The spectral widths were set to 20 MHz to 
ensure that all satellite transitions are taken into account, and the start and detect operators 
were set to Ilz and / , , respectively. 
3.2.8 Theoretical Calculations 
Calculations of the 27A1EFG parameters were performed on a dual-733 MHz Pentium 
HI Dell Precision 420 workstation or a dual-2.0 GHz Xenon Dell Precision 650 workstation 
running Red Hat Linux 9.0. Gaussian 98[41] or Gaussian 03[42] were used for the calculations 
employing the restricted Hartree-Fock (RHF), density functional (BLYP)[43'44] and the hybrid 
density functional (B3LYP) methodologies.[44'45] These methods were used in conjunction 
with the 6-31G**, 6-311G**, 6-31++G**, 6-311++G** and 6-311+G(2df,2p) basis sets. 
The quadrupole coupling constants of 27A1 were calculated with the formula CQ(
27A1) = 
(eQV33/h), where 0(
27A1) = 0.1402 x 10"28 m2,[6] e = 1.602188 x 10"19 C and h = 6.6260755 
x 10"34 J s. A conversion factor of 9.71736 x 1021 V m"2 was applied to convert the atomic 
units into Hz.[46] 
3.3 Results and Discussion 
3.3.1 Solid-State NMR Spectroscopy 
All of the complexes discussed herein have non-spherical aluminum environments 
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which are associated with large quadrupolar coupling constants, and correspondingly broad 
CT powder patterns that exceed the maximum bandwidths that can be excited with strong, 
short rf pulses. A number of different techniques have been used for the acquisition of such 
powder patterns, all of which involve stepping the irradiation frequency across the entire 
breadth of the spectrum. In the so-called "point-by-point" method, full spin-echo FIDs are 
recorded at evenly spaced offset frequencies, and echo intensities are plotted as a function of 
offset frequency to generate the final spectrum.120"221 Alternatively, spin-echo pulse sequences 
using short, strong rf pulses can be applied to acquire FIDs, which are then Fourier 
transformed and subsequently co-added to produce distortion-free CT "ultra-wideline" NMR 
(UWNMR) spectra which can be MHz in breadth.[34,35'47] The latter technique is substantially 
faster than the former, due to the reduction in the number of sub-spectra that need to be 
acquired to form the ultra-wideline spectra. More recently, QCPMG[23] ultra-wideline 
techniques have been implemented to acquire MHz-wide NMR spectra of both half-integer 
quadrupolar[36'48] and spin-1/2 nuclei.[49,50] The application of the ultra-wideline QCPMG and 
Hahn-echo methodologies to the study of three- and five-coordinate aluminum sites with 
extremely broad powder patterns is discussed below. The high receptivity of 27A1 permits 
direct comparison of the Hahn-echo and QCPMG powder patterns. The NMR parameters 
can be obtained by simulations of either type of spectrum, and are discussed in terms of the 
molecular geometry of each complex. Experimental data from MAS experiments are not 
discussed, since the spectra have very low S/N due to the inability of MAS to average the 
immense second-order quadrupolar interactions (see MAS simulations in Appendix B, Figure 
B.3.1).[51] 
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3.3.1.1 27A1NMR Spectroscopy of Three-Coordinate Aluminum Compounds 
Acquisition of single Hahn-echo or QCPMG static powder patterns near the 27A1 
Larmor frequency reveal incomplete excitation of the central transition. Accordingly, 
piecewise experiments in which sub-spectra are collected at uniform offset frequencies were 
applied to acquire the entire powder pattern. The piecewise QCPMG 27A1 NMR spectra of 
AlMes3 and A1(NTMS2)3 are shown in Figure 3.1, and the co-added Hahn-echo and QCPMG 
spectra are compared in Figure 3.2 (additional projections are in Appendix B, Figure B.3.2). 
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Figure 3.1: Frequency-stepped 27A1 QCPMG NMR spectra of (a) AlMes3 and (b) 
A1(NTMS2)3. Top spectra are selected pieces of the overall powder pattern with the co-
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Figure 3.2: Comparison of QCPMG, summed QCPMG echo, and Hahn-echo spectra 
for (a) AlMes3 and (b) A1(NTMS2)3. The spectra were processed using co-addition. # 
denotes impurities. 
The breadths of the powder patterns for AlMes3 and A1(NTMS2)3 are 700 kHz and 400 kHz, 
respectively. 
In order to compare the difference in signal intensity between QCPMG and Hahn-
echo spectra, it is useful to compare the total integrated intensities of the co-added spectra. 
This is achieved by left shifting and summing the trains of echoes for each QCPMG sub-
spectrum to produce single echo FIDs, which are then Fourier transformed and co-added in 
the frequency domain in the usual way. With the integrated intensity of the co-added Hahn-
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echo spectrum normalized to 1.0, the integrated intensity of the co-added QCPMG spectrum 
of AlMes3 is 2.4 (note that 7408 and 4800 scans were acquired for each of the Hahn-echo and 
QCPMG sub-spectra, respectively, meaning that the relative integrated intensities are closer 
to 1.0:3.7). Interestingly, the increase in integrated intensity for the QCPMG spectrum of 
A1(NTMS2)3 is 5.5 after 4752 scans in comparison to the normalized Hahn-echo spectrum 
acquired with 7600 scans. This can be attributed to the considerably longer T2 in 
A1(NTMS2)3 which allows for the collection of 101 MG loops in comparison to only 40 for 
AlMes3. Mono-exponential fits of CPMG data reveal T2 values of 0.66(4) ms and 1.48(8) ms 
for AlMes3 and A1(NTMS2)3, respectively (Figure B.3.3 of Appendix B). 
Analytical simulations (Figure 3.3) reveal that the values of CQ(
27A1) for AlMes3 and 
A1(NTMS2)3 are 48.2(1) and 36.3(1) MHz, respectively, which to date are some of the largest 
i — i — i — | — i — i — i — i — | — i — r 
500 0 
T i i i i | i i i i | i i i i | i i i r~ 
kHz 500 0 -500 kHz -500 
Figure 3.3: Central transition static 27A1NMR spectra of (a) AlMes3 and (b) A1(NTMS2)3. 
Top traces are analytical simulations, centre traces are Hahn-echo spectra and bottom 
traces are high-resolution QCPMG spectra, f indicates FM radio signal interference and 
# denotes impurities. 
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values of CQ(
27A1) measured in the solid state. The extremely large values of CQ(
27A1) are 
consistent with other three-coordinate aluminum environments exhibiting low spherical 
symmetry. For example, "point-by-point" solid-state 27A1NMR spectroscopy was used to 
measure a CQ(
27A1) of 37 MHz for [(MeAl)(N(2,6-/-PrC6H3))]3,
[15] and techniques such as 
NQR and gas-phase microwave spectroscopy have been utilized to measure CQ(
27A1) values 
between 25 and 45 MHz in a variety of systems, including alkylaluminum derivatives/52'533 
trimethylamine-alanes[54] and aluminum isocyanide.[54] In both AlMes3 and A1(NTMS2)3, the 
value of the asymmetry parameter, r)Q, is very close to zero. This is the result of the high 
axial symmetry of the 27A1EFG tensor, which has the largest component, F33, oriented along 
the three-fold rotational axis of the molecule, and Vu and V22 oriented in the A1C3 or A1N3 
planes (i.e., | V33\ > | V22\ ~\VU\). Aluminum chemical shielding anisotropy (CSA) is not taken 
into account in these simulations, because of its relatively small effect on the CT spectra. For 
example, if the span of the aluminum CS tensor in AlMes3 was 250 ppm, and the EFG and 
CS tensors were coincident, the breadth of the central transition would increase by only ca. 
2% (Appendix B: Figure B.3.4, and selected theoretical CS tensors in Appendix A, Table 
A.3.1). In addition, the largest aluminum CS tensor spans measured in the solid state are only 
on the order of 100 ppm.[8'35-55-56] 
Acquisition of the spectra of both the CT and STs may be used to confirm the 
quadrupolar parameters and ascertain the minimal contribution of aluminum CSA to the 
overall spectral appearance. Since the QCPMG frequency-stepped method provides higher 
S/N than Hahn-echo experiments, low-resolution QCPMG spectra of the CT and STs were 
acquired for both compounds. However, the entire ST powder pattern was not acquired, 
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since collecting each individual sub-spectrum across the entire breadth would be very time-
consuming and provide little useful information. Alternatively, only sub-spectra of the most 
intense portions of the discontinuities were acquired, with the approximate positions of the 
discontinuities obtained from analytical simulations. The ±3/2 ** ±5/2 and ±1/2 « ±3/2 ST 
discontinuities are located ca. ± 7.20 MHz and ± 3.60 MHz from the central frequency of the 
CT powder pattern for AlMes3 and at ± 5.50 MHz and ± 2.75 MHz for A1(NTMS2)3. 
Analytical and numerical simulations of the full CT and ST powder patterns are shown in 
Figure 3.4, and confirm that the effects of aluminum CSA cannot be detected in the 
quadrupolar-dominated spectra. 
3.3.1.2 27A1NMR Spectroscopy of Five-Coordinate Aluminum Compounds 
As with the three-coordinate species, 27A1 NMR spectra of the CT could not be 
acquired for the five-coordinate species with a single experiment. Thus, similar techniques 
were applied to acquire 27A1UWNMR spectra of [Me2-A1(>0THF)]2 and [EVAl(//-OTHF)]2 
(Figure 3.5). The transverse relaxation time constants are shorter than in the three-coordinate 
complexes, with 0.36(1) ms and 0.27(2) ms for [Me2-Al(//-OTHF)]2 and [Et2-Al(//-OTHF)]2, 
respectively (Figure B.3.3), and as a result, QCPMG experiments do not result in a significant 
signal enhancement (i.e., the effectiveness of QCPMG is limited by a very short T2). For 
instance, the 40 MG loops acquired in the QCPMG experiments on [Me2-Al(//-OTHF)]2 
provided a gain in integrated intensity of only 1.26 compared to the normalized Hahn-echo 
spectrum, and no gain was observed in analogous experiments on [Et2-Al(//-OTHF)]2, where 
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Figure 3.4: 27A1 QCPMG central and satellite transition NMR spectra of (a) AlMes3 and (b) A1(NTMS2)3. Each set 
displays analytical simulations (top trace), numerical simulations (middle trace), and experimental (bottom) spectra. 
Total acquisition time was approximately 2.5 to 3 h for each compound. | denotes signal interference from FM radio 
stations. 
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Figure 3.5: Static central transition 27A1NMR spectra of (a) [Me2-A10u-OTHF)]2 and (b) 
[Et2-Al(//-OTHF)]2. Top-to-bottom traces are analytical simulations, Hahn-echo spectra, 
and high resolution QCPMG spectra, respectively. 
The experimental values of CQ(
27A1) for [Me2-Al(//-OTHF)]2 and [Et2-Al(//-OTHF)]2 
are 19.9(1) and 19.6(2) MHz, respectively. These values are substantially smaller than that 
observed in the three-coordinate complexes, due to increasing spherical electronic symmetry 
in the five-coordinate systems; however, they are much larger than values of CQ(
27A1) 
between 1.0 and 6.0 MHz reported for other five-coordinate aluminum species.[14'57"60] 
Perhaps more intriguing are the values of T|Q, which are close to 1 for both systems, indicating 
that Vn is the unique component of the EFG (i.e., \V33\ ~ \ V22\ > | Vu |). This value of T|Q is 
rather unexpected given the unusual geometry of the five-coordinate aluminum atoms in 
these samples. The relationships between 27A1 EFG tensors and molecular geometries will 
be addressed further in the theoretical section below. 
Hahn-echo and QCPMG NMR experiments are equally useful for acquisition of 
UWNMR spectra of a highly abundant and receptive nucleus like 27A1; however, the data 
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indicate that (i) the piecewise QCPMG NMR experiments will be useful for rapidly acquiring 
similarly broadened spectra of nuclei with low y, extremely large eQ values, low natural 
abundances and/or large dilution factors, and (ii) there is very good correspondence between 
the positions of discontinuities and shoulders in the Hahn-echo and QCPMG powder 
patterns, ensuring accurate derivation of NMR parameters from simulations of QCPMG 
NMR spectra. 
3.3.1.3 Solid-State 13C NMR Spectroscopy 
13C {'H} CP/MAS NMR spectra were acquired for all samples to assist in ascertaining 
their purity and identity (Figure 3.6). The AlMes3 spectrum (Figure 3.6a) is similar to that 
previously observed in solution and solid-state NMR experiments.[61] Whereas three distinct 
peaks are observed in the aromatic region of the 13C solution NMR spectrum, five distinct 
peaks are observed in the solid state due to the magnetic non-equivalency of ortho- and meta-
carbons (though absolute assignments cannot be made). The assignments are: C3/C5 at 
128.46/127.44 ppm, C2/C6 at 144.71/144.21 ppm and C4 at 138.40 ppm. CI is believed to 
occur at ca. 143 ppm, and is not clearly observed, likely due to spin-coupling with the 27A1 
nucleus. Three resonances are seen in the methyl region, at 22.94, 24.21, and 25.70 ppm, 
corresponding to the para-methyl and the two ortho-methyl carbons, respectively. The 13C 
spectrum of A1(NTMS2)3 (Figure 3.6b) has resonances at 6.95 and 7.41 ppm which 
correspond to the non-equivalent methyl groups of the silyl ligands.[62] The 13C NMR spectra 
for [Me2-Al(//-OTHF)]2 and [Et2-Al(«-OTHF)]2 are also in good agreement with those 
previously reported in solution NMR studies (Figures 3.6c,d).[27] 
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Figure 3.6: 13C{'H} CP/MAS NMR spectra of (a) AlMes3 (vrot = 9.0 kHz), (b) 
A1(NTMS2)3 (vrot = 7.0 kHz), (c) [Me2-Al(//-OTHF)]2 (vrot = 7.0 kHz) and (d) [Etj-AM> 
OTHF)]2 (vrot = 5.0 kHz). * denotes spinning side bands; # denotes impurities. 
3.3.2 X-ray Diffraction 
PXRD experiments were run on all samples to confirm that the X-ray structures 
determined from single crystals are representative of the microcrystalline bulk powder 
samples. This is important for choosing samples for 27A1UWNMR experiments, since even 
the slightest aluminum-containing impurity can greatly interfere with the broad powder 
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Figure 3.7: Simulated and experimental PXRD patterns of (a) AlMes3, (b) A1(NTMS2)3, 
and (c) [Me2-Al(//-OTHF)]2. Peaks are labelled with the corresponding a^spacings. 
patterns. The experimental <i-spacings (Figure 3.7) closely correlate with those of the 
simulated spectra, indicating that the bulk of the crystalline sample is pure. PXRD 
experiments were unsuccessful for [Et2-Al(//-OTHF)]2 due to the extremely low melting 
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point, though the 27A1 and 13C NMR spectra are very good indicators of its relatively high 
purity (vide supra). Since meaningful theoretical calculations of NMR interaction tensors 
require accurate molecular structures, single-crystal X-ray data for A1(NTMS2)3 and AlMes3 
were collected and the structures were refined in our laboratory. The structure of 
A1(NTMS2)3 was previously determined by Sheldrick and Sheldrick,
[63] but with a relatively 
high reliability index, R = 0.159. By using calculated hydrogen positions and 271 variable 
parameters, a final R value of 0.0418 was achieved. The molecule crystallizes in the 
monoclinic space group P2/C having four molecular units per unit cell with dimensions a -
8.6074(4), b = 20.863(1), c = 18.4185(8) A and p = 93.475(1)° (see Appendix A, Table 
A.3.2). The crystal structure of AlMes3 has been determined by Jerius et al,
[61] but there are 
some ambiguities between the paper and the Cambridge Structural Database as to the position 
of the aluminum atom (i.e., the latter notes that the z-coordinate for the Al atom should be 
0.3894 and not 0.3394 as reported in the paper). However, this change moves the Al atom 
to a position that causes the structure from trigonal planar to slightly pyramidal. Thus we 
have redetermined the structure and have concluded that the structure is indeed trigonal 
planar as reported in the original paper. 
3.3.3 Structural Features 
In order to commence discussion on the relationship of molecular structure to NMR 
interaction tensors, some of the major structural features are reviewed. The crystal structures 
of AlMes3 and A1(NTMS2)3 are displayed in Scheme 3.1 (structural coordinates are provided 
in Appendix A, Tables A.3.3 and A.3.4, and ORTEP representations in Appendix B, Figure 
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B.3.7). AlMes3 has an average Al-C bond lengths of 1.951(1) A, which is typical for Al-C 
terminal bonds in other aromatic derivatives^4"671 and a 119.91(4)° C-Al-C bond angle 
between mesityl groups. The A1C3 centre forms a threefold planar unit with the mesityl 
groups having a propeller-like orientation with a 50.1° angle between the central and ring 
planes. The structure for A1(NTMS2)3 is similar to that of AlMes3. The average Al-N bond 
length is 1.813(3) A with N-Al-N angles of 120(1)° which are typical for similar compounds 
such as MesAl[N(SiMe3)2]2
[68] and (f-Bu)2AlNMes2.
[69] The ligands also have a propeller-like 
orientation with the silyl planes tilted ca. 50° with respect to the planar A1N3 unit. 
Molecular structures of [Me2-Al(//-OTHF)]2 and [Et2-Al(//-OTHF)]2 are also shown 
in Scheme 3.1 (see also Appendix A, Tables A.3.5 and A.3.6). The bond lengths and angles 
associated with the first coordination sphere of the aluminum atom in these compounds are 




[72] The bridging oxygen 
atoms form a central (A10)2 ring with average Al-Ol and Al-03 bond lengths of 1.838 and 
1.907 A. Average Al-O-Al and 01-Al-03 angles are 104.06° and 75.93°, respectively, in 
both compounds. The methyl and ethyl ligands bond at an angle between 113° to 118° 
relative to the (A10)2 plane with Al-C bond lengths of 1.9 to 2.0 A. 
3.3.4 Theoretical Calculations of 27A1EFG Tensors 
Calculations of 27A1 EFG tensors were performed for both AlMes3 and A1(NTMS2)3 
(Table 3.1) using coordinates obtained from their experimentally determined crystal 
structures. Calculations employing the double-^ 6-31G** and 6-31++G** basis sets 
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Table 3.1: Experimental and Calculated 27A1NMR Parameters of AlMes3 and A1(NTMS2)3 










































































































































































































[a) Vu are the principal components of the EFG tensor, where | V3i \ z | V22 
from atomic units into Hz by multiplying V33by (eQ/h)(9.7177 x 10
21 V 
and e = 1.602 xlO"19C. 
s |F„ | ; [b] calculated CQ is 




consistently underestimate the experimental values of GQ(
27A1) for both AlMes3 and 
A1(NTMS2)3 by ca. 5 to 8 MHz and 4 to 8 MHz, respectively. The calculations employing 
the triple-^ basis sets are remarkably close to experimental values, with little variation 
between the three basis sets. When the basis set is increased in size to 6-311+G(2df,2p), 
there are no significant improvements in the agreement with experiment. Nonetheless, all 
calculations qualitatively predict a substantial increase in CQ(
27A1) for AlMes3 compared to 
A1(NTMS2)3. In all cases, r)Q is predicted to be close to zero, in good agreement with the 
experimental values. 
The largest component of the EFG tensor, F33, is directed along the three-fold 
rotational axis, perpendicular to the A1C3 and A1N3 planes (Figure 3.8a,b). This may seem 
counterintuitive initially, as in many molecules, V33 is often oriented along bonds with highly 
polar character. In fact, it might be expected that in three-coordinate systems such as these, 
T|Q should be equal to 1 (i.e., \V33\ ~\V22\ > |Fu|),with F22and F33 contained within the plane 
and Vn, the smallest EFG tensor component, directed along the molecular rotational axis. 
However, the EFGs generated by the ground-state electron distributions result in the largest 
field gradients along the three-fold axis, and smaller (though not completely cancelled) field 
gradients in the A1X3 planes. Similar EFG tensor orientations have been experimentally 
determined and theoretically justified in the three-coordinate, trigonal planar, boron 
environments in molecules like BX3 (X = CI, Br, I, Me)
[73,74] and in Cp*2BMe, where F33 is 
directed along the pseudo-three fold axis of this borane.[75] 
Theoretical calculations of EFG tensors were also performed on [Me2-Al(//-OTHF)]2 
and [Et2-Al(//-OTHF)]2 (Table 3.2). Contrary to the three-coordinate complexes, calculations 
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Figure 3.8: Theoretical 27A1EFG tensor orientations of (a) AlMes3, (b) A1(NTMS2)3, 
(c) [Me2-Al(//-OTHF)]2, and (d) [Me2-Al(//-OTHF)]2. Hydrogen atoms were removed 
for clarity. 
applying the larger triple-^ basis sets consistently overestimate CQ(
27A1) by ca. 4 to 7 MHz 
in both complexes, while the double-^ basis sets more closely agree with experiment. Most 
calculations qualitatively predict a slightly smaller CQ(
27A1) in the latter complex. At all 
levels of theory, r\Q is calculated to be near 1, in very good agreement with experiment, 
indicative that the Vn and V33 principal component axes of the EFG tensor are effectively 
interchangeable (i.e., |F33 | * \V22\ > \VU\). Despite the superficial structural likeness of 
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Table 3.2: Experimental and Calculated 27A1NMR Parameters of [Me2-Al(//-OTHF)]2, and 
[EVAIOZ-OTHF)]^ 











































































































































































































[al Vu are the principal components of the EFG tensor, where \Vi2\ >\ V22 
from atomic units into Hz by multiplying F33 by (eQ/h)(9.7177 x 10
21 V 
and e= 1.602 xlO- , 9 C. 
I * I PJI IJ [b] calculated CQ is converted 
nf2), where Q(21Al) = 0.14: 
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these two complexes, and the similarity of the quadrupolar parameters, calculations at all 
levels of theory predict that the theoretical EFG orientations are distinct. The similar 
quadrupolar parameters in these complexes undoubtedly arise from the almost identical local 
coordination environments of the aluminum centres; however, the distinct EFG tensor 
orientations in these two complexes are the result of marked differences in molecular 
structure outside of the first coordination sphere. In [Me2-Al(//-OTHF)]2, Vn is predicted to 
be the unique component, directed away (but not exactly perpendicular) from the central four-
membered Al-O-Al-0 ring, as defined by Al-0-Al-Fn torsion angles of 76.5° and -87.2°. 
V22 and P33 are not contained exactly within the plane of the four- and adjacent five-
membered rings, but rather are tilted slightly outwards (Figure 3.8c). They are also not 
directed near any formal bonds, but are both oriented at ca. 60° from the Al-0 bonds of the 
four- and five-membered rings. In [Et2-Al(//-OTHF)]2, V22 is oriented in a direction almost 
perpendicular to the four-membered ring, with Al-0-Al-F22 torsion angles of 89.5° and 
-91.0°. Vn and V33 are contained within the plane of the four-membered ring, with both 
components directed very close to the Al-0 bonds in the five-membered ring (e.g., Z(Al-0-
V33) = 1.6° and l(Al-0-Vu) = 12.5°) (Figure 3.8d). Thus, in [Me2-Al(//-OTHF)]2, all of the 
atoms lie close to a plane, with the exception of the carbon atoms directly bound to the 
aluminum, and the V22 and Vi3 components lie close to this plane and can be considered to 
be oriented in very similar molecular environments; however, in [Et2-Al(/^-OTHF)]2, the two 
sets of five-membered rings are twisted out of the plane, and the orientations of all three 
components are dramatically affected as described above. 
76 
3.3.5 Relationships Between Structure and EFG Tensor Characteristics 
In order to better understand the molecular origin of these large quadrupolar 
interactions, theoretical 27A1 EFG tensors were calculated as functions of changing molecular 
structures, and the relationships between the EFG tensors and the ground-state electronic 
structure were carefully examined. Calculations of this sort were conducted solely upon the 
three-coordinate species, due to the orientation of the 27A1 EFG tensor, and the facile 
rationalization of its characteristics which can be based upon the high molecular symmetry. 
First, the changes in the principal components of the 27A1 EFG tensor were studied 
as a function of first coordination sphere bond distances (i.e., r(Al-C) and r(Al-N), the entire 
ligand is translated with the lengthening bond). For each bond distance, a single-point SCF 
energy and electrostatic properties were calculated (Figure 3.9), since simple point charge 
models are inappropriate due to the highly covalent character of the bonding in these 
systems.[76] As the bond length is increased, the Vu and V22 components decrease in 
magnitude in both complexes, indicating decreasing field gradients in the A1X3 plane. 
However, the value of T|Q is zero for all calculations, meaning that the EFG tensors retain 
axial symmetry (i.e., Vu ~ V22, see Table A.3.7 in Appendix A). The magnitude of F33 also 
decreases with increasing Al-X bond lengths, and is always directed along the threefold 
molecular axis. The change in V33 as a function of bond length, r, can be accurately modelled 
with a power function, with CQ(
27A1) = (7.04 MHz A"1)^227 and (4.51 MHz A"1)/-"2-38 for 
AlMes3 and A1(NTMS2)3, respectively. Near the equilibrium configuration, the magnitude 
of V33 is extremely sensitive to slight changes in bond length: for a change of 0.1 A in bond 
length, CQ(
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Figure 3.9: Effects of varying molecular bond lengths of the first coordination 
sphere on \V33\ ( - • - ) and SCF energy ( - • - ) for (a) AMes3 and (b) A1(NTMS2)3. 
Calculations are based on B3LYP/6-311G** and crystallographic values are circled. 
SCF energies are normalized to 0 kJ mol"1 with respect to the crystallographic state. 
However, the bond distance is not the sole factor determining the nature of the EFG tensor. 
These plots are not representative of a pure relationship between r(Al-X) and F33, since the 
electron density at the Al as well as the bonding C or N atoms changes with changing bond 
length and SCF energy (see Table A.3.8 in Appendix A). 
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Second, the nature of the binding ligands is considered. The Al-C and Al-N bonds 
in AlMes3 and A1(NTMS2)3 have very different characteristics, and the bonding C and N 
atoms have extremely different electron densities and hence disparate electrostatic properties. 
Simple Mulliken population analyses of the equilibrium structure reveal that the formal 
charge on the Al atom is predicted to be between ca. 1.0 (RHF) and 1.3 (B3LYP) in AlMes3, 
and between ca. 1.5 to 2.0 in A1(NTMS2)3. The N atoms in the NTMS generally have a much 
more negative formal charge than the C atoms in the Mes ligand, with the former ranging 
between ca. -1.2 (RHF) to -1.5 (B3LYP) and the latter between -0.4 (RHF) to -0.6 
(B3LYP). However, EFGs calculated from simple electrostatic potentials and atomically-
localized point charges do not quantitatively or qualitatively predict the large EFGs at the 
aluminum sites, nor the differences between the two complexes. 
It is well known for planar three-coordinate systems that the largest component of the 
EFG tensor, F33, is oriented along the three-fold molecular axis, and that its magnitude is 
chiefly dependent upon the nature of bonding between the central metal atom and the first 
nearest neighbour.[52'73,74'76] Both sophisticated molecular orbital analysis or the simpler 
Townes-Dailey theory[77] can provide sound explanations for the nature of the EFG tensors 
in these systems. Both stem from the relationship between eq = V33 and the contributing 
ground state molecular orbitals; that is, since d2/dz?(e/r) = (3cos29 - l)e/P , where r is the 
internuclear distance and 9 is the angle with respect to the bond axis, then: 
d2V/dz2 = eq = ef y* [(3cos20 - l ) /r3] v|/ eh [3.1] 
For instance, for a metal which is a-bonded to three identical atoms/ligands in a trigonal 
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planar arrangement, it can be shown that the quadrupolar coupling constant at a nuclear 
position of a molecule can be evaluated by the theory of Townes and Dailey as: 
e2Qqlh = -fe2Qq0/h = -(1 - i)e
2QqQ/h [3.2] 
where e2Qq0/h is the quadrupolar coupling constant due to a single unbalanced p electron in 
the lone metal atom, and i is the so-called ionic character of the bond (i.e., if i = 0, there is 
no ionic character and the factor/is equal to one). For atoms like B and Al, it is possible that 
the binding atoms can donate n 7i-electrons into the/?z orbital, which will then have a total 
occupation of 3n electrons. Eq 3.2 is modified to: 
e2Qq/h = -(1 - i - 3n)e2Qq0/h [3.3] 
This implies that the magnitude of V33 will decrease with either increasing ionic character or 
increasing 7t-donation. This has been observed previously in' 'B NQR studies of solid boron 
halides. For instance, the CQ(
l'B) in a lone' 'B atom in a 2P ground state has been determined 
to be 5.39 MHz.[78] In comparison, BMe3, which has largely covalent a bonds between B and 
C, has a CQ(
nB) of ca. 4.8 to 5.0 MHz.[73] Halogenated complexes like BF3, BC13 and BBr3 
have CQ(
nB) values of 2.64,2.54 and 2.46 MHz, respectively, indicating the increased degree 
of 7t-bonding from the halogens into the Bpz orbital/
741 
No similar comprehensive set of data exists for 27A1, since the A1X3 species (where 
X = halogen) tend to undergo dimerization which result in four-coordinate distorted 
tetrahedral environments with significantly reduced values of CQ(
27A1).[79'80] However, 
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Table 3.3: Comparison of theoretically calculated 27A1 EFG tensors for the Al atom and 
A1X3 molecules. 
Molecule[a] Bond Length (A) Fn
























































































w Molecular structures of A1X3 species were geometrically optimized. Three-coordinate molecules retained 
a planar structure by keeping Z (X-Al-X) = 120 °; Ib! V„ are the principal components of the EFG tensor, where 
1 ^ 1 * l ^ l * I P u l ; W calculated CQ is converted from atomic units into Hz by multiplying V3} by 
(e0ft)(9.7177 x 1021 V m"2), where 0(27A1) = 0.14 x 10"28 m2 and e= 1.602 x 10"19 C; [d] corresponds to Al-C 
bond lengths.[c] Crystal structure bond lengths. 
similar large 27A1 quadrupolar coupling constants have been measured for a variety of alkyl-
substituted aluminum species.t52'53] Here, we present a preliminary set of molecular orbital 
and CQ(
27A1) calculations of the Al atom and isolated trigonal planar A1X3 species, for 
comparison with experimental and theoretical data for AlMes3 and A1(NTMS2)3 (Table 3.3). 
Both the RHF and B3LYP calculations using the 6-311G** basis set make the same 
qualitative predictions (for simplicity, the quoted values refer to the RHF data). The CQ(
27A1) 
for the lone 27A1 atom is calculated to be 34.09 MHz, in reasonable agreement with 
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experiment^813 For the A1X3 species, the values of V33 are of opposite sign to that of the atom, 
but have absolute magnitudes which are comparable to that of the lone atom. In all cases, V33 
is oriented along the threefold molecular axis. Highly covalently bound systems like A1H3 
and AlMe3 have considerably larger magnitudes of CQ(
27A1) (-51.61 and -50.69 MHz, 
respectively), indicating that the a-bonding MOs make a significant contribution to the 
magnitude of V33. However, for A1F3 and A1C13, the magnitudes of CQ(
27A1) (-38.71 and 
- 32.48 MHz, respectively) are reduced compared to A1H3 and AlMe3 and on the order of the 
lone atom. This is consistent with the experimental and theoretical data for analogous boron 
systems, as well as with the contributions from ligand ^r-bonding to V33. Population analysis 
and visualization of the HOMO and LUMO of AlMe3 and A1C13 (Figure 3.10) show that there 
Figure 3.10: MO diagrams of A1C13 (a-c) and AlMe3 (d-e)./>z orbitals (HOMO-1) of the 
chlorine atoms are shown in (a). These orbitals are involved in 7t donation to the aluminum 
site, shown in (b), and the unoccupied pz MO (LUMO) of aluminum is shown in (c). pz 
orbitals of the methyl groups (HOMO- 4) of AlMes3 are displayed (d), which do not exhibit 
7t donation to the aluminum site. The unoccupied/^ orbital (LUMO) of aluminum is shown 
in (e). Hydrogen atoms have been removed for clarity. 
82 
is a significant ^"-bonding contribution from the halogen into the/?z orbital of the aluminum 
atom in A1C13, which serves to reduce the magnitude of V33 in comparison to AlMe3, where 
such a bonding interaction is absent. 
Comparison of experimental and theoretical data for AlMes3 and A1(NTMS2)3 to that 
of the simpler A1X3 and BX3 species strongly suggests that the magnitudes of F33 components 
in these larger molecules are chiefly dependent on the nature of bonding with the first-
coordination sphere atoms. The magnitude of CQ(
27A1) for AlMes3 is similar to that of 
AlMe3, whereas the magnitude of CQ(
27A1) for A1(NTMS2)3 is similar to that for the 
halogenated aluminum species. Mulliken population analysis[82] suggests that the N atoms 
make a significant donation of # electrons into the Al pz orbital, accounting for the reduced 
F33 component in A1(NTMS2)3 compared to AlMes3 (Table A.3.9). The HOMO and LUMO 
are compared for AlMes3 and A1(NTMS2)3 in Figure 3.11. In the former, MOs in the region 
of the HOMO and LUMO are largely localized on the aromatic rings, whereas in the latter, 
they describe the 7t-bonding between the nitrogen and aluminum atoms (Table A.3.10). The 
theoretical ground state electronic structure, though much more complex than the A1X3 
species, supports the notion that (i) the three strong covalent Al-X bonds contained within 
a plane in a trigonal arrangement give rise to the large magnitude, negative sign and 
perpendicular orientation of V33, and (ii) Al-X /r-bonding interactions are responsible for the 
reduction of F33 along the molecular three fold axis. 
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(d) r to, rj 
& - * & * 
Figure 3.11: MO diagrams of A1(NTMS2)3 (a-c) and AlMes3 (d-e). Nitrogenpz orbitals 
(HOMO) (a) of A1(NTMS2)3 involved in n donation to the aluminum p2 orbital (b). The 
unoccupiedpz orbital (LUMO+1) of aluminum is shown in (c). The/? orbitals (HOMO) 
of carbon atoms on AlMes3 are primarily involved in the n system of the aromatic rings 
(d) and show no n donation to the aluminum atom. The/?., orbital (LUMO) of AlMes3 is 
shown in (f). Hydrogen atoms are removed for clarity. 
3.4 Conclusions 
Piecewise, frequency-stepped NMR experiments applying Hahn-echo and QCPMG 
pulse sequences, followed by co-addition and/or skyline projection of Fourier transformed 
sub-spectra, have proven to be an extremely efficient means of acquiring high S/N 27A1 
UWNMR spectra. This methodology has been used to rapidly acquire the first definitive, 
high S/N, 27A1 UWNMR spectra of three-and five-coordinate aluminum sites in inorganic 
coordination compounds, and measure some of the largest 27A1 quadrupolar coupling 
84 
constants observed in the solid state to date. The acquisition methodology is widely 
applicable to a variety of solid materials containing quadrupolar nuclei with extremely broad 
powder patterns. In order to probe the origin of these large quadrupolar interactions, 
theoretical calculations of EFG tensors and their orientations within the molecular frames are 
invaluable. In the three-coordinate AlMes3 and A1(NTMS2)3 molecules, the large magnitude 
and negative sign of the largest component of the EFG tensor, V33, as well as its orientation 
along the threefold molecular axis, are shown to arise from strong covalent bonding between 
the aluminum and first-coordination sphere carbon and nitrogen atoms. As well, the 
magnitude of V33 is reduced from ligand ^"-bonding with the aluminum atom. In the five-
coordinate species, the similar aluminum coordination environments result in similar 
quadrupolar parameters. However, variations in theoretical EFG tensor orientations between 
the species reveal a dependence of the quadrupolar parameters on the long-range structure 
within the molecule. It is hoped that this work will encourage further experimental and 
theoretical investigations of NMR nuclei with immense quadrupolar interactions in inorganic 
and organometallic materials of scientific and technological importance. 
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Chapter 4 
Solid-State 63Cu and 65Cu UWNMR Spectroscopy of 
Inorganic and Organometallic Copper(I) Complexes 
4.1 Introduction 
Solid-state copper NMR spectroscopy has been under-utilized for the structural 
characterization of copper(I) sites in solid materials, primarily because of the large nuclear 
quadrupole moments of 63Cu and 65Cu nuclei. This is unfortunate, since copper NMR would 
enhance the currently limited understanding of structure, dynamics and reactivity at copper(I) 
sites for many important inorganic materials, organometallic molecules and biological 
systems/1"31 Solid-state copper NMR has largely been applied to Cu sites of high spherical 
symmetry with reduced electric field gradients (EFGs) and correspondingly small 
quadrupolar interactions/4"131 For materials with increasingly spherically asymmetric copper 
sites, time-consuming static ultra-wideline NMR (UWNMR) experiments (i.e., stationary 
NMR samples) tend to be the norm. For instance, Bastow and co-workers have used static 
63Cu NMR experiments to investigate the structural evolution of copper-containing alloys at 
various temperatures/8'141 and Antzukin et al. have applied static 65Cu NMR experiments to 
probe copper environments in a series of copper(I) dialkyldithiophosphate clusters.115"181 
Given the enormous success of NMR of metals for structural characterization, it would 
greatly benefit chemists, structural biologists and materials scientists alike to be able to 
routinely use solid-state copper NMR for characterizing the electronic structure and bonding 
at Cu(I) sites in systems such as copper proteins,1'9"221 amyloid fibrils and related peptides/23" 
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251 zeolites,[26] organometallic copper complexes,[2] and a wide array of materials where the 
Cu oxidation state varies or multiple oxidation states simultaneously exist, such as in high-
temperature superconductors. [27"30] 
The two NMR active isotopes, 63Cu and 65Cu, (both / = 3/2) have natural abundances 
of 69.1% and 30.9%, gyromagnetic ratios of 7.1088 x 107 and 7.6104 x 107 rad T'1 s_1, and 
nuclear quadrupole moments of -0.220 x 10~28 and -0.204 x 10~28 m2, respectively.[31] 
Despite their high receptivities with respect to ,3C (£>c(63Cu) = 382 and Dc(65Cu) = 208),t32] 
the large quadrupolar interactions have largely prohibited routine NMR experimentation, 
since the central transition powder patterns can be on the order of MHz in breadth. Although 
63Cu is more receptive, 65Cu is normally chosen for solid-state NMR experiments owing to 
its smaller quadrupole moment and higher y, which serve to reduce the breadth of the large 
central transition powder patterns. 
Copper sites of low symmetry with large quadrupolar interactions have chiefly been 
characterized with nuclear quadrupolar resonance (NQR). NQR has been used to probe 
copper sites in inorganic salts,[6] copper halides,[33"37] high-temperature superconductors,1^8"411 
and magnetic materials.[42_45] While routine NQR experiments can provide extremely accurate 
measurements of the quadrupolar coupling constant (CQ), the asymmetry parameter (nQ) is 
only accessible through technically demanding, two-dimensional NQR experiments.146'471 An 
alternative means of obtaining CQ(
63Cu) and CQ(
65Cu) is via measurements of residual dipole-
dipole couplings observed in the spectra of spin-1/2 nuclei (e.g., 31P) which are dipole-dipole 
and indirect spin-spin coupled to 63Cu and 65Cu nuclei.[48] This methodology has been used 
for a variety of spin-l/2/quadrupolar spin pairs;t48"52] however, there are often large errors 
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associated with the extracted quadrupolar parameters owing to the relative insensitivity of 
the residual dipole-dipole splittings to changes in CQ, T|Q, EFG tensor orientation and the 
spin-spin coupling parameters. Ideally, if both the spin-1/2 and quadrupolar NMR spectra 
can be measured, it is possible to obtain accurate information on the orientation of the EFG 
tensor in the molecular frame, as well as the sign of CQ.
[10] 
The need for rapid and accurate acquisition of UWNMR spectra has resulted in the 
development of frequency-stepped NMR techniques. Traditional frequency-stepped 
UWNMR spectroscopy involves moving the transmitter frequency in evenly spaced 
increments across a broad range of frequencies, and plotting the amplitudes of the Fourier 
transformed spin-echo as a function of transmitter frequency.[53"58] Co-addition of the 
piecewise-collected Fourier-transformed spin-echoes is a much more efficient means of 
producing a uniformly excited powder pattern, owing to a reduction in the number of 
experiments required.[59,60] However, since such powder patterns are spread out over large 
frequency ranges, the signal-to-noise ratios (S/N) are inherently low, making this technique 
time-consuming and generally inapplicable to all but the most receptive nuclei. Recently, the 
quadrupolar Carr-Purcell Meiboom-Gill (QCPMG) pulse sequence was reintroduced for the 
acquisition of broad quadrupolar powder patterns of unreceptive nuclei,[61,62] and combined 
with frequency-stepped wideline techniques.t56'61'63] This method is ideal for the acquisition 
of high S/N 63Cu and 65Cu UWNMR spectra, permitting characterization of copper sites that 
were previously unobservable. 
Herein we demonstrate that (i) 63/65Cu NMR spectra can be rapidly acquired for a 
variety of systems with large quadrupolar interactions and (ii) copper EFG and CS tensors 
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are excellent probes of bonding and symmetry at copper sites of varying coordination 
geometries. We report the application of frequency-stepped 63/65Cu solid-state NMR 
experiments to a series of copper(I) compounds which include copper-phosphine 
metallocenes, and a series of coordination complexes with copper in spherically asymmetric 
two-, three-, and four-coordinate environments (Scheme 4.1). The variety of coordination 
environments and molecular symmetries are reflected in the distinct sets of quadrupolar and 
chemical shift parameters which are extracted via analytical and/or numerical simulations of 
the copper NMR spectra. Quadrupolar parameters obtained from copper NQR experiments 
are also reported in select cases. 31P CP/MAS NMR experiments are also reported for the 
copper phosphine compounds, and utilized to experimentally determine both the sign of CQ 
and the orientations of the copper EFG tensors with respect to the Cu-P bond axes. In 
addition, a series of first principles calculations of copper EFG and CS tensors are presented, 
with the aim of examining relationships between NMR parameters, tensor orientations and 
copper environments. 
4.2 Experimental 
4.2.1 Sample Preparation 
All reactions were carried out using standard inert-atmosphere techniques. CpCuPEt3, 
(hfac)CuPMe3 and triphenylphosphine were purchased from Strem Chemicals Inc. and all 
other chemicals and reagents were obtained from Aldrich. CpCuPEt3 was recrystallized from 
slow evaporation of pentane and all other reagents were used without further purification. 
Solvents were dried on a series of Grubbs' type columns[64] and were degassed prior to use. 
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Scheme 4.1: Molecular structures of (a) tetrakisbenzonitrile copper(I) tetrafluoroborate 
([Cu(PhCN)4][BF4]), (b) cyclopentadienyl copper(I) triethylphosphine (CpCuPEt3), (c) 
cyclopentadienyl copper(I) triphenylphosphine (CpCuPPh3), (d) 
tetramethylcyclopentadienyl copper(I) triphenylphosphine (CptCuPPh3), (e) 
pentamethylcyclopentadienyl copper(I) triphenylphosphine (Cp*CuPPh3), (f) 
tris(2,4,6-methoxyphenyl)phosphinecopper(I) chloride (ClCuP(2,4,6)3), (g) 
trimethylphosphine(hexafluoroacetylacetonato)copper(I) ((hfac)CuPMe3), (h) 
P-diketiminato copper(I) isocyanide ([Me3NN]Cu(CNAr), Ar = 2,6-Me2C6H3), (i) 
bis((mesityldiphenylphosphine)-(|i2-chloro)-copper(I)) ([ClCuPPh2Mes]2), (j) 
bis((mesityldiphenylphosphine)-(n2-bromo)-copper(I)) ([BrCuPPh2Mes]2), (k) 
bis((mesityldiphenylphosphine)-(|i2-iodo)-copper(I)) ([ICuPPh2Mes]2), and stepped 
clusters (1) tetrameric triphenylphosphine copper(I) bromide ([BrCuPPh3]4- 2CHC13) and 
(m) tetrameric triphenylphosphine copper(I) iodide ([ICuPPh3]4). 
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Solution NMR spectra were recorded at room temperature in C6D6 solutions on a Bruker 
Advance 300 MHz spectrometer. Chemical shifts are reported in ppm, relative to external 
standards (SiMe4 for 'H and
 13C, 85% aq H3P04 for
 31P). 
[Cu(PhCN)4][BF4]. Synthesis was conducted following Knaust et al.
[65] Cu20 
(0.715g, 5.00 mmol) was added to 30 mL of dry PhCN, forming a dark orange slurry. Upon 
slight heating, 1.0 mL of HBF4 was slowly added and allowed to mix for 24 hours. The 
warm solution was then filtered leaving an orange solution. An equivalent amount of diethyl 
ether was added and placed in a freezer for crystallization. The solid was then filtered and 
washed with small amounts of diethyl ether and recrystallized in equivalent amounts of 
PhCN and diethyl ether, forming white needle-like crystals. Yield: 69% (2.309g, 3.469 
mmol). 
CpCuPPh3. To a flask containing [ClCuPPh3]4 (1.093 g, 0.756 mmol) and LiCp 
(0.218 g, 3.024 mmol) was added ca. 50 mL of THF, pre-cooled to -78 °C. The resultant 
pinkish-orange slurry was allowed to stir at -78 °C for 2 hours and was then transferred to 
an ice bath. The insoluble material slowly dissolved to give a reddish-orange solution. After 
stirring for 4 hours at 0 °C, the solvent was removed in vacuo to give a pink solid. To the 
solid, ca. 40 mL of toluene was added to afford an orange slurry. The mixture was filtered 
through Celite to give a yellow solution. Slow evaporation of the solvent yielded yellow 
crystalline material. Yield: 43% (0.551 g, 1.207 mmol). Characterization data was consistent 
with literature values.[66] 
CptCuPPh3. To a flask containing [ClCuPPh3]4 (0.791 g, 0.547 mmol) and Li(Cp
f) 
(0.320g, 2.497 mmol) were mixed in ca. 25 mL of THF, precooled to -78 °C. The mixture 
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was allowed to stir for 2 hours and was then transferred to an ice bath slowly dissolving the 
insoluble material. After 4 hours of mixing, the solvent was removed in vacuo leaving a 
yellow solid to which ca. 40 mL of toluene was added to form a yellow-green solution. The 
mixture was filtered through Celite, leaving a clear orange solution. Slow removal of the 
solvent yielded yellow crystals. 
Cp*CuPPh3. The procedure used followed that previously published by Macomber 
and Rausch.[67] To a flask containing [ClCuPPh3]4 (1.613 g, 1.116 mmol) and LiCp* (0.635 
g, 4.465 mmol) was added ca. 30 mL THF, precooled to - 78 °C. The resultant tan slurry was 
allowed to stir at -78 °C for 2 hours and was then transferred to an ice bath. The insoluble 
material slowly dissolved to give a yellow solution with pale green precipitate. After stirring 
for 4 hours at 0 °C, the solvent was removed in vacuo to give a green solid. Ca. 30 mL of 
toluene, precooled to 0 °C, was added to the solid to afford a green slurry. The mixture was 
filtered through Celite to give a yellow solution. Slow evaporation of the solvent yielded 
yellow crystalline material. Yield: 54% (1.116 g, 2.420 mmol). Spectroscopic data are 
consistent with literature values 
ClCuP(2,4,6)3. Following a procedure previously published by Bowmaker et al,
[68] 
equimolar (1.50 mmol) amounts of CuCl and P(2,4,6-MeOPh)3 were mixed for 1 hour in 
warm acetonitrile forming a clear solution, which was then slowly cooled to room 
temperature to form white precipitate. Yield: 17.3% (0.173g, 0.274 mmol). 
[ICuPPh3]4. This complex was prepared following procedures previously reported 
by Costa et al.[69] Cul (0.845 g, 4.46 mmol) and PPh3 (1.161 g, 4.42 mmol) was refluxed in 
lOOmL of dry chloroform for 1 hour. The clear, brown solution was then put in a freezer 
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forming a brown solid. The solid was washed with diethyl ether and recrystallized in ethanol 
forming white crystals. Yield: 7.47% (0.6 g, 0.33 mmol). 
[Me3NN]Cu(CNAr), [ClCuPPh2Mes]2, [BrCuPPh2Mes]2, [ICuPPh2Mes]2, and 
[BrCuPPh3]4-2CHCl3 were prepared using previously described methods.
[70"72] 
4.2.2 Single Crystal and Powder X-ray Diffraction 
Single crystals were covered in Nujol and placed rapidly into the cold N2 stream of 
the Kryo-Flex low-temperature device. The data were collected using the SMARTC?3] 
software on a Bruker APEX CCD diffractometer using a graphite monochromator with 
MoKoc radiation (A, = 0.71073 ). A hemisphere of data was collected using a counting time 
of 30 s per frame. The data were collected at -100 °C. Details of crystal data, data collection 
and structure refinement are listed in Table 4.1. Data reductions were performed using the 
SAINT[73] software and the data were corrected for absorption using SADABS.[74] The 
structures were solved by direct methods using SIR97 and refined by full-matrix least-squares 
on P2 with anisotropic displacement parameters for the non-H atoms using SHELXL-97[75] 
and the WinGX[76] software package. Thermal ellipsoid plots were produced using 
SHELXTL.[77] 
Powdered samples were packed into 0.8 mm glass capillaries. Air-sensitive samples 
were packed under dry nitrogen and flame sealed. Powder X-ray diffraction (PXRD) patterns 
were collected using a Bruker AXS HI-STAR system using a General Area Detector 
Diffraction System (GADDS). X-ray source employed was a CuKoc radiation (1.540598 A) 
with an area detector using a 20 range between 3.60° and 60.4°. All spectra were acquired 
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at room temperature. Spectra simulations were performed using Powdercell.[78] 
4.2.3 Sample Purity 
To ensure that the samples use were pure, 'H-^C CP/MAS NMR (Figures B.4.1 to 
B.4.3) and powder X-ray diffraction (Figures B.4.4 and B.4.5) were performed on all 
samples. If any samples were not pure, they were then recrystallized following synthetic 
procedures. In the end, all samples matched any previously reported 13C NMR results and/or 
simulated PXRD spectra from single crystal structures. In some cases the experimental 
PXRD spectra appeared to be shifted compared to the simulations. This may be from the 
different temperatures used when performing the powder and single crystal X-ray 
experiments. 
4.2.4 Solid-State NMR Spectroscopy 
The majority of solid-state NMR experiments were performed at the University of 
Windsor on a Varian Infinity Plus NMR spectrometer with an Oxford 9.4 T ('H = 400 MHz) 
wide-bore magnet operating at v0(
65Cu) = 113.49 MHz, v0(
63Cu) = 105.85 MHz, v0(
31P) = 
161.81 MHz and v0(
13C) = 100.52 MHz. Experiments were conducted using 5.0 mm HX 
static, 5.0 mm HXY MAS and 2.5 mm HX MAS NMR probes. For 'H-13C cross-polarization 
magic-angle spinning (CP/MAS) and static 63/65Cu NMR experiments, samples were packed 
into 5.0 mm o.d. zirconiarotors, and for 'H-31P CP/MAS and63/65Cu MAS NMR experiments, 
2.5 mm o.d. zirconia rotors were used. Copper UWNMR experiments were performed using 
a silver coil made from 99.9% silver wire to reduce background signal from copper metal 
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w is the weight given each reflection. 
within the probehead. Experiments at 21.1 T ('H = 900 MHz) were conducted at the National 
Ultrahigh-field NMR Facility for Solids in Ottawa on a Bruker Avance II using a standard-
bore magnet. A 5.0 mm single-channel static probe was tuned to 65Cu (v0 = 255.74 MHz) or 
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63Cu (v0 = 238.73 MHz) and samples were packed into 5.0 mm o.d. glass tubes. 
Air and moisture sensitive samples were packed in a dry nitrogen glovebox and the 
5.0 mm zirconia rotors were sealed using airtight Teflon caps. Copper chemical shifts were 
referenced to CuCl(s) (6iso = 0.0 ppm),
 31P chemical shifts were referenced to phosphoric acid 
(8iso = 0.0 ppm) using ammonium dihydrogen phosphate as a secondary standard (8iso = 0.81 
ppm) and 13C resonances were referenced to tetramethylsilane (8iso = 0.0 ppm) using 
adamantane as a secondary standard (5iso = 38.57 ppm for the high-frequency resonance). 
Frequency-stepped NMR using the Hahn-echo and/or QCPMG pulse sequences were 
utilized in the static 63/65Cu experiments. The Hahn-echo sequence has the form 
(n/2\-x-(n)y-T-acq, where x represents inter-pulse delays of 20 - 30 \is. The QCPMG 
sequence is similar except that a train of alternating refocusing pulses and acquisition periods 
follow the initial Hahn-echo sequence.1611 To ensure uniform excitation of the broad powder 
patterns, the effective excitation bandwidth was determined at a given rf field strength from 
an individual sub-spectrum, and then the appropriate transmitter offset size was selected.[63] 
In ultra-wideline QCPMG experiments, the transmitter frequency is also set as a multiple of 
the spikelet separation. 
Experiments at 9.4 T. 63/65Cu MAS NMR experiments were conducted on 
[Cu(PhCN)4] [BF4] using a Hahn-echo pulse sequence. Static echo
 65/63Cu NMR experiments 
were performed on [Cu(PhCN)4][BF4], CpCuPEt3, CpCuPPh3, Cp
tCuPPh3, Cp*CuPPh3 and 
[Cu(PhCN)4][BF4]. The Cp'CuPR3 complexes required collection of between 5 and 19 sub-
spectra, using spectral widths of 1000 or 2000 kHz and transmitter frequency offsets of 100 
or 200 kHz. For static 65Cu QCPMG NMR experiments, the spectral width for each piece 
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was set between 800 and 2000 kHz. To accommodate the full T2 decay, the number of 
Meiboom-Gill (MG) loops were set between 19 and 408 and the acquisition time, Ta, for each 
echo was adjusted to attain a spikelet separation (l/xa) between 20 and 40 kHz.
 63Cu QCPMG 
NMR experiments were only performed on the Cp'CuPR3 compounds (see Tables A.4.1 and 
A.4.2 for details complete 63/65Cu NMR experimental parameters). Proton-decoupled 31P and 
13C NMR experiments were performed using the variable-amplitude cross polarization[79'80] 
(VACP) MAS pulse sequence with a two-pulse phase-modulation (TPPM) decoupling 
scheme.181' Full details on 31P and 13C NMR experiments are also given in Tables A.4.3 and 
A.4.4. 
Experiments at 21.1 T. Static Hahn-echo 65/63Cu NMR experiments at 21.1 T were 
conducted only upon [Cu(PhCN)4][BF4], using a spectral width of 500 kHz, selective rc/2 
pulse widths of 1.5 - 3.0 |is and a recycle delay of 1.0 s, while acquiring 3425 to 4560 scans. 
4.2.5 NQR Spectroscopy 
63Cu and 65Cu quadrupole frequencies were obtained at ambient temperature, using 
a Bruker CXP console pulsing into a specially modified NQR probe arrangement that was 
well removed from the influence of an external magnetic field (>5 m), and shielded from 
extraneous magnetic and radio frequency interference by a MuMetal container. The 
quadrupole frequency ranges that were scanned were determined from previous NQR studies 
of Cu(I) systems.16,37'82"843 The location of both 63Cu and 65Cu isotope resonances (related by 
the ratio of the vQ(
63Cu)/vQ(
65Cu) = 1.078) verified that true echo (or Hahn-echo) experiments 
with extended phase cycles[85] were implemented for the detection of these quadrupole 
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frequencies. A rf power of ~1 kW and short pulses of <1 )is duration were used for excitation 
of the (±1/2, ±3/2) transition. Pulse lengths were optimized with a Cu20 sample which 
provides a characteristic quadrupole frequency at 26.01 - 26.02 MHz at 293 K,[86] with 
recycle delays typically ranging between 0.1 and 0.5 s. 
4.2.6 NMR Simulations 
All NMR parameters, including CQ, r\Q, 8iso, Q, K, RDD and J, were determined by 
analytical simulations of the NMR spectra using the WSolids software package.t87] 
Numerical simulations of some patterns were conducted using SIMPSON.[88] 
4.2.7 Theoretical Calculations 
Calculations of 63/65Cu EFG parameters were performed on dual-733 MHz Pentium 
m Dell Precision 420, dual-2.8 GHz Xeon Dell Precision 650 or dual-3.6 GHz Xeon Dell 
Precision 670n workstations. Gaussian 98[89] and Gaussian 03[90] were used for the 
calculations employing the restricted Hartree-Fock (RHF) method, density functional theory 
(BLYP)[91>92] and the hybrid density functional theory (B3LYP). The 6-31G**, 6-311G**, 
6-31++G**, and 6-311++G** basis sets were used for all atoms, except in some cases where 
the all-electron basis set of Huzinaga (14s8p5d) was used for the copper atoms.[93] The 
Amsterdam density functional (ADF) suite[94"96] was used to calculate EFG parameters for a 
select number of compounds. The BLYP[91'92] and VWN+BP[97"99] exchange correlationals 
were applied, and DZ and TZP basis sets provided with the ADF package were used on all 
atoms. 
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4.3 Results and Discussion 
This section of the chapter is outlined as follows: First, we discuss the acquisition and 
interpretation of 65Cu and 63Cu solid-state NMR spectra for the series of complexes outlined 
above (Scheme 4.1). Frequency-stepped and/or QCPMG UWNMR spectra are shown for all 
samples but [Cu(PhCN)4] [BF4], for which standard MAS and Hahn-echo NMR spectra were 
acquired. Spectral simulations and corresponding NMR parameters are given for each 
sample, and copper CS tensor data are also presented where appropriate. 31P CP/MAS NMR 
spectra are then presented for all complexes with Cu-P spin pairs, and comments are made 
on the molecular EFG tensor orientations, the signs of CQ and anisotropic ./-coupling 
parameters. Finally, first principles calculations of copper EFG and CS tensors are presented, 
along with discussion on the suitability of basis sets and methods, as well as the relationships 
between tensor parameters and molecular structure. 
4.3.1 Solid-State 63Cu and65Cu NMR Spectroscopy 
[Cu(PhCN)4][BF4]. [Cu(PhCN)4][BF4] is distinct from the other complexes 
discussed herein, since the Cu atom exists in a relatively spherically symmetric environment. 
We present spectra of this complex as a "low-limit" comparison to our other samples, since 
the quadrupolar interaction arising from this environment is small enough to permit routine 
NMR experiments as well as demonstrating the influence of copper CSA on 65Cu and 63Cu 
NMR spectra. Analytical simulations of 65Cu and 63Cu MAS NMR spectra (Figure 4.1a) 
yield CQ values comparable to those reported by Wasylishen et al. for K3Cu(CN)4 (CQ(
63Cu) 
= -1.125 MHz and CQ(
65Cu) = -1.040 MHz).28 We note here that the signs of CQ reported 
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Figure 4.1: 65Cu (left set) and 63Cu (right set) NMR spectra of [Cu(PhCN)4] [BF4]. (a) 
Simulation and experimental MAS spectra at 9.4 T with vrot = 16.0 kHz. (b) Static NMR 
spectra at 9.4 T where the top trace shows a simulation without CSA, middle trace with 
CSA and the bottom trace is experimental, (c) Static NMR spectra at 21.1 T. * 
indicates spinning sidebands. 
by Wasylishen et al. are determined via residual dipole-dipole couplings observed in 13C 
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NMR spectra. Signs of CQ are not directly obtainable from
 63/65Cu NMR spectra, and we 
report the absolute values of CQ (i.e., |CQ(
63Cu)| and |CQ(
65Cu)|). The issue of signs will be 
addressed below in the 31P NMR section. Interestingly, r|Q are distinct in these 
pseudotetrahedral systems, with values of 0.95(5) and 0.0 for [Cu(PhCN)4][BF4] and 
K3Cu(CN)4, respectively. The larger CQ and nonzero r\Q in [Cu(PhCN)4][BF4] arise from the 
relatively distorted tetrahedral geometry about the copper atom in comparison to K3Cu(CN)4 
(Table A.4.5). 
Static Hahn-echo NMR spectra of [Cu(PhCN)4][BF4] were acquired in single 
experiments at 9.4 and 21.1 T (Figure 4.1b,c). Comparison of these spectra and simulation 
of the powder patterns using only quadrupolar parameters reveal a strong anisotropic copper 
shielding contribution with a span of 260( 10) ppm (Table 4.2). The Euler angles indicate that 
the largest component of the EFG tensor and most shielded component of the CS tensor are 
not coincident. To the best of our knowledge, there are few reports of copper CSA, 
including Q = 42 ppm for K3Cu(CN)4
[10] and D. = 350 to 750 ppm for polycrystalline copper 
dialkyldithiophosphate clusters.[15"18] The span observed for [Cu(PhCN)4] [BF4] is much larger 
than K3Cu(CN)4, again undoubtedly due to its distorted tetrahedral environment. 
Cp'CuPRj Complexes. 63Cu and 65Cu QCPMG UWNMR are shown for the 
Cp'CuPR3 compounds (Cp' = Cp, Cp*, Cp*; R = Et, Ph) in Figure 4.2. As is obvious from 
the breadths of these powder patterns (700 to 1300 kHz), the quadrupolar interaction is much 
larger than that of the four-coordinate species discussed above, owing to the reduction of 
spherical symmetry about the copper site.[100] The QCPMG pulse sequence is of some benefit 
here, since it improves the signal-to-noise ratio (S/N) and reduces the experiment times; 
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Table 4.2: Experimental 65/63Cu NMR parameters. 












-510(5) 3.63(10) 4.10(10) 
150 (50) 32.2(2) 34.7(3) 
-50(50) 29.4(2) 31.7(3) 
0 (80) 25.4(3) 27.4(4) 
-50(50) 24.3(2) 26.2(3) 
170(50) 60.6(3) 65.3[f] 
125(100) 52.5(5) 56.6[f] 
1050(200) 71.0(1) 76.6[f] 
100(200) 51.2(6) 55.2M 
200(250) 50.2(3) 54.1[q 
100(100) 46.9(2) 50.6[£] 
[BrCuPPh3]4-2CHCl3 Trigonal -100(100) 51.0(3) 55.0
[f] 
Tetrahedral 210(25) 23.5(4) 25.3[f] 
[ICuPPh3]4 Trigonal -50(50) 47.5(4) 51.2
[f] 
Tetrahedral 290(25) 22.0(4) 23.7ra 
0.95(5) 260(10) -0.38(4) 92(2) 92(2) 24(3) 
0.01(1) 1500(200) 0.90(10) 0 0 0 
0.03(1) 1500(300) 0.95(5) 0 0 0 
0.07(2) 1300(200) 0.95(5) 0 0 0 
0.05(3) 1200(200) 0.95(5) 0 0 0 
0.25(1) - . . . . 
0.85(5) - . . . . 
0.11(1) - . . . -
0.50(2) 1100(400) -0.70(20) 10(10) 90(15) 30(10) 
0.55(2) 1000(700) -0.90(10) 20(10) 90(15) 10(10) 
0.48(2) 1100(500) -0.90(10) 10(10) 90(10) 10(10) 
0.39(2) - . . . . 
0.79(3) - -
0.49(2) - . . . . 
0.36(2) 300(100)[g] 0.20(10) 0 0 0 
w Isotropic chemical shift: 8^ = (511+822+833)/3;
 w quadrupole coupling constant: CQ = 
- 833;
 M skew: K = 3(822-8iso)/fi;
 [f] calculated CQ values using the ratio of the
 63Cu and 
= e2qQV3i/h;
 w asymmetric parameter: r)Q = (Vn- V^IVn;
 M span: Q = 8U 
65Cu quadrupole moments; g(63Cu)/ g(65Cu) = 1.0784;[gl see Figure B.4.12. 
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Figure 4.2: Static 65Cu (left) and 63Cu (right) NMR spectra of (a) CpCuPEt3, (b) 
CpCuPPhj, (c) Cp^uPPhj and (d) Cp*CuPPh3. Top and bottom traces are 
analytical simulations and experimental spectra, respectively, f denotes FM radio 
signal interference and # indicates small signal from copper metal. 
however, the increase in the integrated intensity of the spectra is highly dependent upon the 
copper transverse relaxation (T2) values (Figures B.4.6 and B.4.7). 
Analytical simulations of the QCPMG spectra yield the quadrupolar parameters 
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(Table 4.2). In all cases, T|Q is close to zero, indicating that the EFG tensors are essentially 
axially symmetric (i.e., \VU\ ~ \V22\ < \V3i\). The orientations of the EFG tensors are 
constrained by symmetry elements of the molecule; in these systems, the largest components 
of the EFG tensor, V33, should be oriented along or near the pseudo-three-fold rotational axis 
of the molecule. It follows that the similarity of Vn and V22 arises from these components 
being oriented in very similar environments, perpendicular to this axis. The quadrupolar 
parameters can be interpreted in terms of the molecular geometries and substituents of these 
molecules. Structural data is taken from a previously reported single-crystal X-ray 
experiment on CpCuPPh3,
[101] and crystal structures for CpCuPEt3, Cp
tCuPPh3 and 
Cp*CuPPh3 are reported in this work (we reacquired the single-crystal X-ray structure of 
CpCuPEt3 in order to obtain the ethyl positions, which were not previously reported).
11021 The 
arrangement of the Cpcent, Cu and P positions (where Cpcent denotes the geometric center of 
the Cp' ring) is nearly linear in all of these molecules, with Cpcent-Cu-P angles ranging from 
ca. 170° to 178° (Table A.4.5). The T|Q is a good indicator of linearity, varying from 0.01 for 
CpCuPEt3 to 0.07 for Cp
tCuPPh3, which have Cpcent-Cu-P angles closest to and furthest 
from 180°, respectively. Variations in CQ can be rationalized by considering the nature of the 
substituents and their coordination to the copper atom. For the PPh3 complexes, the CQ 
increases in a linear fashion with increasing Cpcent-Cu distance. The Cpcent-Cu distance 
decreases with increasing ring substitution (Table A.4.5), which is a well-known behavior 
for many transition-metal metallocenes.[103"107] The Cu-P distances also decrease with 
increasing ring substitution, though the correlation with CQ is not linear. The CQ is the largest 
in the CpCuPEt3 complex, which has very similar Cpcent- Cu and Cu- P bond lengths to those 
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of CpCuPPh3; hence, it is not strictly the atomic positions which determine the magnitude of 
the EFG tensor components, but also the electronic properties of the substituents. This is 
addressed further in the theoretical section below. 
Copper CSA also makes a significant contribution to the appearance of the powder 
patterns. The spans range from ca. 1200 to 1500 ppm (the largest reported to date), and are 
comparable to the copper chemical shift range for molecular copper species (ca. 1000 
ppm).[108'109J Values of K are between 0.90 and 0.95, indicating that the CS tensor is almost 
axially symmetric and that the most shielded component of the tensors, 533, is the unique 
component. The Euler angle p is close to zero, indicating that the V33 and 533 components are 
nearly coincident with each other, concomitant with the symmetry of the molecule. 
ClCuP(2,4,6)3. The static
 65Cu QCPMG NMR spectrum of ClCuP(2,4,6)3 is shown 
in Figure 4.3a. The breadth of the central transition powder pattern is ca. 5.12 MHz, 
requiring the collection of 31 sub-spectra with a total experimental time of 15.5 h. Analytical 
simulations of this spectrum indicate that CQ (
65Cu) is 60.6(3) MHz and T|Q = 0.25(1). Large 
CQ values like this (i.e., 30 to 94 MHz) are normally obtained from NQR experiments.
[37'83] 
To the best of our knowledge, the previously largest CQ measured by solid-state NMR was 
reported for polycrystalline[Cu6{S2P(OiBu)2}6], having a CQ(
65Cu) value of 47.6(2) MHz and 
a T|Q of 0.10.
[16] The magnitude of CQ in ClCuP(2,4,6)3 is much larger than those of the 
metallocenes, largely because of the two-coordinate, nearly linear (Cl-Cu-P angle of 
172.68°), spherically asymmetric environment of the Cu atom. As in the case of the 
metallocenes, F33 is the distinct component of the EFG tensor, and is likely oriented along 
or near the Cu-P bond, which is contained within a pseudo-three-fold axis of the molecule. 
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The slightly nonlinear arrangement of atoms orients Vu and V22 in two slightly differing 
electronic environments, giving rise to the nonaxially symmetric nQ. Even a large copper 
CSA will only make a minor contribution to the overall pattern (Figure B.4.8), so no 
comment can be made on the nature of the anisotropic CS tensor in this case. 
Trigonal Planar Copper Compounds. Static 65Cu NMR spectra of (hfac)CuPMe3 
and [Me3NN]Cu(CNAr) are shown in Figure 4.3b,c. Simulations of these powder patterns 
yield CQ values of 52.2(5) and 71.0(1) MHz for (hfac)CuPMe3 and [Me3NN]Cu(CNAr), 
respectively. These CQ values, in addition to that of ClCuP(2,4,6)3, are among the largest CQ 
values measured to date by solid-state NMR. An interesting difference in spectral features 
of these copper complexes are the values of r)Q, which are 0.85(5) and 0.11(1) for 
(hfac)CuPMe3 and [Me3NN]Cu(CNAr), respectively. In both of these trigonal planar 
complexes, it is expected that V33 is oriented perpendicular to the trigonal plane, in 
accordance with previous experimental and theoretical studies on quadrupolar nuclei in 
planar three-coordinate environments.^3'110] In addition, it would be expected that V22 would 
be oriented along or near the Cu-P or Cu-C bonds in (hfac)CuPMe3 and [Me3NN]Cu(CNAr), 
respectively. However, in the former case, V22 is almost of the same magnitude as V33, with 
Vu being the distinct component, which is unusual for such coordination environments (see 
the theoretical section below). 
[XCuPPh2Mes]2 (X = CI, Br, I). Static
 65Cu QCPMG NMR spectra of 
[XCuPPh2Mes]2 are shown in Figure 4.4. The CQ values for these systems (Table 4.2) are 
consistent with those determined by NQR data (Table 4.3). Simulations using full 
diagonalizations of the combined Zeeman and quadrupolar Hamiltonians do not affect the 
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2000 0 -2000 kHz 2000 0 -2000 kHz 2000 0 -2000 kHz 
Figure 4.3: Static 65Cu NMR spectra of (a) ClCuP(2,4,6)3, (b) (hfac)CuPMe3 and (c) [Me3NN]Cu(CNAr). Top, middle and bottom 
traces are analytical simulations, numerical simulations and experimental spectra, respectively. # denotes metallic copper 
interference and * indicates part of the satellite transitions. 
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Figure 4.4: 65Cu Static QCPMG spectra of (a) [ClCuPPh2Mes]2, (b) [BrCuPPh2Mes]2 
and (c) [ICuPPh2Mes]2. Top and bottom traces are analytical simulations and 
experimental spectra respectively. # denotes copper metal interference, f indicates an 
unknown impurity and * denotes signal from ±1/2-3/2 satellite transition. 
shape or breadth of the powder patterns in comparison to analytical or numerical simulations 
using first-order perturbation theory (Figure B.4.9).[U1] This indicates that the high-field 
115 
















































w Calculation of CQ was performed using the equation vQ = CQ(1 + T|
2/3)1/2/(S+l/2) using r)Q determined from 
the NMR spectra 
approximation is still valid under these conditions. In contrast to the metallocene complexes, 
the values of CQ are observed to increase with decreasing first-coordination sphere bond 
lengths and increasing formal negative charge on the X atom in the [XCuPPh2Mes]2 series 
(Table A.4.5). A similar trend has also been observed for other trigonal planar complexes.[63] 
Similar to (hfac)CuPMe3 and [Me3NN]Cu(CNAr), the V33 component of the
 63/65Cu EFG 
tensor is expected to be oriented perpendicular to the trigonal plane. Since T|Q is close to 0.5, 
Vu and V22 are distinct from one another, with one of these components likely oriented near 
or along the Cu- P bond. These spectra are also influenced by copper CSA (Figure B.4.10), 
with Q. values ca. 1000 to 1100 ppm. In contrast to the metallocene complexes, the negative 
skews designate 5 n as the distinct CS tensor component, which is consistent with the relative 
orientation of the EFG and CS tensors predicted by the Euler angles for each complex, which 
have F33 and 8n oriented closely together (i.e., 8 n is perpendicular to the trigonal plane). 
[BrCuPPh3]4'2CHCl3 and [ICuPPh3]4. For very broad central transition powder 
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patterns it is not possible to distinguish multiple sites using techniques such as MQMAS, 
because of the current limitations on spinning speeds and bandwidth excitations. Frequency-
stepped UWNMR can be used to resolve multiple sites only if they have fairly distinct 
quadrupolar parameters. The 65Cu NMR spectra of the [BrCuPPh3]4-2CHCl3 and [ICuPPh3]4 
"stepped" clusters reveal two overlapping patterns (Figure 4.5), with the narrower central 
patterns corresponding to the smaller values of CQ in each case. The broad underlying 
patterns do not arise from the ±1/2*^3/2 satellite transitions, since analytical simulations of, 
for example, [ICuPPh3]4 indicate that the most intense portions of the satellite transitions 
would be approximately ±3.5 MHz (Figure B.4.11). Since the sharp discontinuities of the 
underlying pattern occur at ca. ±700 kHz, this is clearly a central transition pattern from a 
second Cu site with larger values of CQ (Table 4.2). 
Single-crystal X-ray diffraction data indicates that there are three- and four-coordinate 
sites in these cluster compounds.[72'112] The three-coordinate sites are trigonal planar 
(CuX2PPh3), whereas the four coordinate sites are distorted tetrahedra (CuX3PPh3) (see Table 
A.4.5 for structural details). Since the latter have higher spherical symmetry, the patterns 
with smaller CQ values are assigned to the four-coordinate sites, and those with the large CQ 
values to the three-coordinate sites. Similar values have been previously reported in NQR 
studies.134'113'1141 For the three-coordinate environment, F33 should be oriented perpendicular 
to the molecular trigonal plane. Although the X-Cu bond lengths are approximately the 
same for the respective compounds, ca. 2.40 and 2.56 A for X = Br and I, respectively, the 
two X-Cu-P bond angles differ significantly, with Z(Br-Cu-P) = 118.97° and 128.75° and 
Z(I-Cu-P) = 114.18° and 127.49°. Hence, Vu and V22 are oriented in different 
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1000 -1000 -2000 kHz 1000 -1000 -2000 kHz 
Figure 4.5: Static 65Cu NMR spectra of (a) [BrCuPPh3]4-CHCl3 and (b) [ICuPPh3]4 stepped clusters. Starting from the top, traces 
correspond to analytical simulations of the tetrahedral and trigonal sites, the added analytical simulations and the experimental 
spectrum. 
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environments, accounting for the nonzero values ofn,Q. For the four-coordinate environment, 
F33 is distinct and oriented along or near the Cu-P bond axis. 
Copper Chemical Shifts. The chemical shifts reported for most of the complexes 
within this paper exist within the standard copper chemical-shift range;[108] however, chemical 
shifts for copper environments in metallocenes, trigonal planar and linear environments have 
not previously been observed or reported.11091 A pictorial summary of copper chemical shifts 
reported herein is shown in Figure 4.6. It is important to note that the errors associated with 
many of these chemical shifts are quite large, because of the large breadths of the central 
transition patterns. The metallocene complexes have copper chemical shifts ranging from 
ca. 0 to -150 ppm with respect to solid CuCl. Though no previous copper NMR data exists 
[Me3NN]CuCNAr 





Figure 4.6: Copper chemical shifts of Cu(I) complexes referenced with respect to CuCl(s) 
(8iso = 0 ppm). 
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for metallocene complexes, these shifts occur near or at low frequency of the standard, which 
is commonly observed for most other main group and transition metal metallocenes.[U5"U8] 
The molecules with trigonal planar bonding arrangements, [Me3NN]Cu(CNAr), 
(hfac)CuPMe3, [XCuPPh2Mes]2, [BrCuPPh3]4-2CHCl3 and [ICuPPh3]4, have chemical shifts 
ranging from +1050 to -50 ppm. The copper nucleus in ClCuP(2,4,6)3 is deshielded with 
respect to the metallocene complexes, and the tetrahedral copper nuclei of 
[BrCuPPh3]4-2CHCl3, [ICuPPh3]4 and [Cu(PhCN)4][BF4] are even further deshielded. 
Clearly, there are no simple correlations between the isotropic chemical shifts and the 
coordination geometry or the chemical nature (e.g., electronegativities) of the first 
coordination sphere atoms. We can only note that complexes with Cu-P bonds seem to have 
lower frequency chemical shifts (copper nuclei are more shielded) in comparison to 
complexes lacking such bonds. The disparity in isotropic chemical shifts is quite dramatic, 
and a thorough examination of the origin of the chemical shifts of these species is beyond the 
scope of this paper. As a final note, within some of the NMR spectra, there are cases where 
resonances from small amounts of copper metal (background from the probe) are observed 
(5iso*2300ppm).r
i08-n9] 
4.3.2 31P CP/MAS NMR and Residual Dipole-Dipole Couplings 
Although the magnitude of CQ provides information on the degree of spherical 
symmetry of the electron distribution about a nucleus, the sign of CQ gives information on 
whether V33 is increasing or decreasing as one moves outward from the nucleus of interest, 
and whether a component is pointing into a region of high or low electron density.1'10'1201 
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Mossbauer spectroscopy is commonly used to directly obtain the sign of CQ; however, this 
is limited to a select number of nuclei with low energy first excited states.[121] Direct 
determination of the sign of CQ by NQR or NMR is not possible since the ordering of energy 
levels (e.g., +1/2 - -1/2 or -1/2 - +1/2) have no effect on the magnitude of the quadrupolar 
frequencies or spectral appearance. However, when quadrupolar nuclei are spin-spin coupled 
to spin-1/2 nuclei and residual dipole-dipole couplings are observed in the spin-1/2 NMR 
spectrum, it is possible in certain instances to obtain information on both the sign of CQ and 
the orientation of the V33 component of the EFG tensor with respect to the dipole-dipole 
vector;48'49^ 
The 31P CP/MAS NMR spectra and their corresponding simulations are shown in 
Figures 4.7 to 4.9, with experimental parameters listed in Table 4.4. The positions of 
phosphorus peaks, vm, with respect to the frequency of the isotropic chemical shift, vis0, are 
determined by 
/ ( / + 1) - 3m2 , 
vm = viso - mJiso + '_ d [4.1] 
where / is the nuclear spin of the quadrupolar nucleus, m=I,I- 1,...,-1, Jiso is the isotropic 
indirect spin-spin coupling and d is the residual dipole-dipole coupling, which is defined as 
d = ^^Q^ef f 
20v7 , 
[(3cos2pD - 1) + n0sin
2pDcos2aD] . [4.2] 
Here, i?eff is the effective dipole-dipole coupling constant, defined as Re{{ = RDD - AJ/3, v7 is 
the Larmor frequency of the quadrupolar nucleus, and aD and pD are angles defining the 
orientation of the dipolar vector with respect to the EFG tensor frameJ491 Since CQ and T|Q 
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Figure 4.7: 'H-31P CPMAS NMR spectra of (a) CpCuPEt, (b) CpCuPPh3 (c) Cp
TCuPPh3 
(d) Cp*CuPPh3. Top and bottom traces are analytical simulations and experimental 
spectra. 
values have been experimentally determined, 'J(65Cu, 31P), 'J(63Cu, 31P), and 5iso(
31P) are 
directly measured from/between the central peaks of the 31P NMR spectrum, and the 
magnitude and sign of RDD can be calculated from known r(Cu-P), only four variables 
remain to fit this spectrum: <xD, PD, A/, and the sign of CQ. The sign of '/(
65Cu, 31P) is known 
to be positive, and hence is not a factor in determining spectral appearance.[49122] The 
symmetry of both the molecule and EFG tensor can be used to make accurate predictions of 
aD and pD in most cases herein, leaving the AJ and sign of CQ as the remaining variables. It 
has been demonstrated by Wasylishen and co-workers that AJcan be significant in linear Cu-
P bonding environments;1831 hence, this was accounted for in our simulations where possible, 
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Table 4.4: P NMR experimental parameters. 
Compound 
(ppm) (MHz) M 'IQ 
J 
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ta] Based on 65Cu NMR results; w J coupling constants are measured directly from the 31P CP/MAS spectra. 63Cu data can be calculated according to the ratio 
7("P,65Cu)/J(31P,63Cu) = 1.0706; [c] Dipole-dipole coupling constants were calculated from crystallographic values of r^. 
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Figure 4.8: 'H-31P CP/MAS NMR of (a) ClCuP(2,4,6)3, (b) (hfac)CuPMe3, (c) [ClCuPPh2Mes]2, (d) [ICuPPh2Mes]2 
and (e) [BrCuPPh2Mes]2. Bottom traces are experimental spectra and top traces are analytical simulations where the 
two sites, (i) and (ii), are in a 5:3 ratio for (e). 
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Figure 4.9: 'H-31P CPMAS NMR spectra of step clusters (a)[BrCuPPh3]4CHCl3 and (b) 
[ICuPPh3]4. Top traces are simulations and bottom traces are experimental spectra; (i) 
simulation of the trigonal site, (ii) simulation of the tetrahedral site and (iii) is the sum of 
both simulations. * denote spinning sidebands. 
with values of \AJ\ ranging from ca. 600 to 750 Hz. This indicates that there are additional 
indirect spin-spin coupling mechanisms at work aside from the usually dominant Fermi 
contact interaction. Inclusion of values of AJ in the range prescribed above as simulation 
parameters has a relatively minor effect on peak positions (Figure B.4.13); hence, the 
associated errors in AJ are relatively large. 
With the exception of the complexes with trigonal planar copper environments, 
excellent agreement between experimental and simulated data is obtained with pD -0° and 
aD ~ 0°, indicating that the dipolar vector (Cu- P bond) is along or near the largest component 
125 
of the EFG tensor, V33. Since these complexes have t|Q values near zero, V33 is the distinct 
component in each case and is oriented along or close to the Cu-P internuclear vector. The 
trigonal planar compounds, (hfac)CuPMe3 [XCuPPh2Mes]2, [BrCuPPh3]4-2CHCl3, and 
[ICuPPh3]4, have both P
D and ocD near 90°, indicating that V33 is perpendicular to the trigonal 
planar arrangement of atoms and that V22 is along/near the Cu-P bond vector. The sign of 
CQ must also be taken into consideration in these simulations: for instance, in the trigonal 
planar site of [ICuPPh3]4, if CQ is taken as positive, then the best fit is achieved with (3
D = 45° 
and ocD = 0°. This is highly unlikely since it is well known that quadrupolar nuclei with 
trigonal planar coordination environments have V33 oriented perpendicular to the trigonal 
plane.[uo] With a negative value for CQ, (3
D = ocD = 90°. It is interesting to note that in all the 
complexes with V33 along or near the Cu-P bond (p
D = 0°), the signs of CQ are positive, 
whereas for the trigonal planar complexes ((3D = 90°) the signs are negative. Since the eQ's 
of 63Cu and 65Cu are negative, V33 is negative when oriented in a direction of high electron 
density, and is positive when oriented away from strong bonding MOs. 
To summarize, the combination of 63/65Cu and 31P NMR spectra of Cu-P spin pairs 
is very useful for determining the orientation of the EFG tensor in the molecular frame as 
well as the sign of CQ. Without the
 63/65Cu NMR data, it is possible to make approximations 
regarding the magnitude of CQ, though these are subject to significant error. For instance, 
Olivieri measured residual dipole-dipole coupling constants for a variety of copper(I) 
phosphines, including ClCuP(2,4,6)3 and the tetrahedral site of [ICuPPh3]4. CQ(
63Cu) values 
were estimated to be 69.8 and 30.8 MHz, respectively, which are overestimated by as much 
as 30%. Hence, some degree of caution must be taken in calculating EFG tensor parameters 
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using these challenging multi-parameter simulations. 
4.3.3 Theoretical Calculations of 65/63Cu EFG Tensors 
Ab initio calculations were performed on all compounds, employing various methods 
and basis sets, to examine the relationships between EFG tensor components and 
orientations, and molecular structure and symmetry, and to confirm our predictions from 
experimental data. The best agreements between experimental and theoretical values are 
observed for RHF calculations with 6-31++G** and 6-311G** basis sets (Table 4.5); in 
particular, the 6-31++G** calculations are remarkably close to experimental results, and 
hence, are the focus of the remainder of discussion in this section. No improvements in 
agreement with experimental data were noted for larger basis set sizes, or from using DFT 
methodologies (see Tables A.4.6 to A.4.14 for a complete listing of calculations). 
Calculations on [Cu(PhCN)4][BF4] were performed on only the (PhCN)4Cu
+ cation. 
Due to the relatively high symmetry of this copper environment compared to other complexes 
discussed herein, a large variability in calculated CQ values is observed as a function of basis 
set, with larger Huzinaga basis sets[93] producing more consistent sets of values. The EFG 
tensor components are not aligned with Cu-N bonds or any distinct symmetry elements 
(Figure 4.10a), owing to the relatively distorted tetrahedral environment. This accounts for 
the larger CQ in comparison to highly tetrahedral Cu environments/
61 as well as the nonzero 
value of TJQ. 
Calculations of CQ and T|Q for the Cp'CuPR3 compounds are in close agreement with 
experimental results, though the values of CQ for Cp*CuPPh3 and Cp^uPPhj are predicted 
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Table 4.5: Theoretical G03 EFG calculations using the RHF method. 
Basis Set 
(a.u.)[a] 
































































































































































Table 4.5 (cont.) 
Basis Set 
(a.u.)[a] 
V22 V33 CQ rCu) 
(a.u.) (a.u.) (MHz)^c-d] 
CQ (
MCu) 







0.9478 -1.2218 +63.15 













0.9514 -1.2060 +62.33 

















0.8752 -1.2100 +62.55 
0.8745 -1.1488 +59.38 
0.7455 -1.0103 +52.22 






















Tetrahedral Copper Site 
-
-0.4618 0.5778 -29.87 
-0.4170 0.5503 -28.45 
Trigonal Copper Site 
-
0.8836 -1.2432 +64.27 

























Tetrahedral Copper Site 
-
-0.4067 0.5090 -26.31 
-0.3440 0.4777 -24.69 
Trigonal Copper Site 
-
0.8460 -1.2048 +62.28 













w Vu are the principal components of the EFG tensor, where |K33| > \V12\ >\VU\;
 [b) calculated CQ is converted 
from atomic units into Hz by multiplying Vi2 by (eQ/h)(9.7177 x 10
21 V nf2), where 0(65Cu) = -0.220 x 10~28 
m2, Q(65Cu) = -0.204 x 10"28 m2 and e = 1.602 x 10"19 C;[123] [c] The signs from G03 are being reported even 
though they are opposite based on the conventions mentioned in the text; [dI CQ values without a + or - sign 
indicates absolute values are reported; [e] 3-21G** was used on I atoms and the given basis sets in the table 
were used on all other atoms; [!] for the I atoms and for the C and H atoms, basis sets 3-21G** and 6-31G** 
were used respectively, and remained constant for all calculations. Basis sets for Cu and P are those given in 
the table. 
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Figure 4.10: 65Cu EFG tensor orientation for (a) [(PhCN)4Cu]
+ and EFG and CS tensor 
orientation for (b) CpCuPEt̂  (c) CpCuPPh3, (d) Cp
tCuPPh3 and (e) Cp*CuPPh3. All 
orientations are from RHF/6-31++G** calculations. Protons were removed for clarity. 
to be almost the same. Theoretical tensor orientations match well with predictions from our 
31P NMR experiments, with F33 along or very near to the Cu-P bonds, and therefore toward 
the centroids of the Cp' rings (Figure 4.10b-e). Vn and V22 are oriented in nearly identical 
electronic environments, accounting for the axial symmetry of the EFG tensors (r\Q ~ 0). The 
orientation of V33 towards the P-Cu-Cp^, direction makes sense, given that the largest 
potential differences and field gradients are along this direction, owing to both the high 
electron density in the Cp' rings (Figure B.4.14) and the slrong covalent character of the 
Cu-P bonds. 
In ClCuP(2,4,6)3 (Figure 4.1 la), F33 is the distinct component and is directed near 
the pseudo-3-fold axis with a F33-Cu-Cl angle of 3.03°. This slight tilt differentiates Fnand 
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V22, giving rise to a nonzero T|Q. The CQ is significantly larger in this complex than in the 
metallocenes, undoubtedly because of the increase in the Cu-P bond distance and the 
presence of the CI atom along the pseudo-3-fold axis. For both (hfac)CuPMe3 and 
[Me3NN]Cu(CNAr), F33 is oriented perpendicular to the trigonal plane (Figure 4.11b,c), 
consistent with previous theoretical observations in a number of trigonal planar 
systems^63'110,117] This agrees with our experimental prediction of the EFG tensor orientation 
from the 31P NMR spectra of (hfac)CuPMe3, with V22 oriented very close to the Cu-P bond 
(Z(P-Cu- V22) = 3.93°). Unfortunately, /-coupling and/or residual dipole-dipole couplings 
between 13C and 63/65Cu in [Me3NN]Cu(CNAr) could not be clearly resolved in the
 13C 
CP/MAS NMR spectrum (Figure B.4.3), so no experimental copper tensor orientation is 
available for this molecule. The different T]Q values arise from the extremely different 
bonding environments around the copper atom. Mulliken population analysis for 
(hfac)CuPMe3 (Figure 4.12a), indicates that there is a high amount of electron density within 
the hfac substituent, and a low amount of electron density in the phosphine region, which 
results in a fairly large electric field gradient component along this direction. Since there are 
large, similar EFG contributions both perpendicular to the trigonal plane and along the Cu- P 
bond, the r\Q value is close to 1, with Vu as the distinct component. In contrast, electron 
density and corresponding field gradients in the trigonal plane about the copper atom of 
[Me3NN]Cu(CNAr) are quite uniform, giving rise to similar values of Vn and V22 (Figure 
4.12b). 
For the [XCuPPh2Mes]2 compounds, V33 is oriented perpendicular to the trigonal 
plane (Figure 4.1 Id-f), and V22 is oriented very close to the Cu-P bond vectors (with 
131 
V33/an ± to page JV^n -L to page JV<*22 -
110 PaSe 
Figure 4.11: 65Cu tensor orientations for (a) ClCuP(2,4,6)3, (b) (hfac)CuPMe3, (c) [Me3NN]Cu(CNAr), (d) 
[ClCuPPh2Mes]2, (e) [BrCuPPh2Mes]2, (f) [ICuPPh2Mes]2, (g) [BrCuPPh3]4-CHCl3, and (h) [ICuPPh3]4. All orientations are 








(a) (b) * Vi 
(c) (d) (e) 
Figure 4.12: Correlation of electron density and EFG tensor orientations of (a) (hfac)CuPMe3, (b) [Me3NN]Cu(CNAr), (c) 
[ClCuPPh2Mes]2, (d) [BrCuPPh2Mes]2, (e) [ICuPPh2Mes]2, (f) [BrCuPPh2Mes]2 and (g) [ICuPPh3]4. 
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P-Cu- V22 angles between 1.70° and 7.16°). The reasoning for the nonzero T|Q follows a 
similar argument as that for (hfac)CuPMe3 (Figures 4.12c-e). Very similar results were 
obtained for the trigonal copper sites of [XCuPPh3]4 and are also in good agreement with 
predictions from 31P NMR spectra (Figures 4.11 g- h). For the tetrahedral sites of [XCuPPh3]4 
F33 points in the same direction as the shortest Cu-P bond. 
Finally, some comments should be made on the signs of the EFG tensor components 
calculated using the Gaussian 03 software package. The predicted signs of CQ from the G03 
calculations are opposite to those determined experimentally in nearly every case (Table 4.5). 
This discrepancy is not believed to arise from any sort of simulation or calculation errors, but 
rather, from the sign conventions for the electron density utilized in the calculation of V23 in 
Gaussian 03. [124'125] 
In quantum mechanical calculations, EFG tensor components are commonly 
calculated as 
Vij = (p^udT [4.3] 
where p is the electron density, which is normally taken as positive for probability of finding 
A 
charge density, and V.. is the EFG operator, which is generally defined as 
8.. x.x. 
vij - "7 " 3 " T M 
r r° 
for both electronic and nuclear contributions.16 The discrepancy in sign likely results from 
the choice of sign for p, which is undoubtedly negative in the Gaussian software package. 
The ADF software suite utilizes the conventions described above, and test calculations on 
several systems yield signs for CQ values which are in agreement with our data and opposite 
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to that of G03 (Table A.4.21). If this difference in convention in sign is accounted for, then 
all experimental and theoretical data are in complete agreement. For trigonal planar 
environments, the sign of V33 is therefore positive (CQ is negative). Hence, the negative CQ 
indicates that V33 is oriented in a direction of low electron density. In the remaining cases, 
where V33 is typically oriented along or near a Cu-X bond, the sign of V33 is negative (CQ is 
positive), which indicates that V33 is directed towards a region of high electron density. 
Similar results were previously reported for tetrahedral B04 sites in Li2B407 and Mg2B205,
17 
in which it was suggested that in tetrahedral sites, V33 is always oriented along the direction 
of highest electron density. 
4.3.4 Theoretical Calculations of Copper CS Tensors. Although copper CSA was 
only observed for a few compounds, calculations were conducted on all structures (Table 
4.6), and a very brief discussion is presented here. Calculations on the Cp 'CuPR3 complexes 
are in good agreement with the experimental values for both the Q, and K. The most shielded 
component, a33, is coincident with V33 for all complexes (Figure 4.10b-e), while a,, and a22 
are oriented in similar environments, yielding values of K near 1. Calculations on the trigonal 
planar phosphorus environments in the [XCuPPh2Mes]2 series yield very good agreement for 
values of Q, though values of K are not accurately predicted. Nonetheless, the predicted CS 
tensor orientations are in very good agreement with our experimental data, with a,, 
consistently oriented perpendicular to the trigonal plane (Figures 4.1 Id-f). CSA 
contributions to the copper powder patterns of ClCuP(2,4,6)3, (hfac)CuPMe3 and 
[Me3NN]Cu(CNAr) were not taken into account when simulating these powder patterns 
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Table 4.6: Theoretical G03 copper CS tensor calculations using RHF and B3LYP methods. 
Method §ii (PPm) 522(ppm) 833 (ppm) 8iso (ppm)






































































































































Table 4.6: (cont.) 
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w Isotropic shift, 8^ = (8n + 822 + 533)/3; 
basis sets given in the table were used on 
w span of the CS tensor, £2 = 8„ - 833;
 [c] skew of the CS tensor, K = 3(822 - SjJ/Q;
 [d] 3-21G** was used on I atoms and 
all other atoms. 
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because the effect is believed to be insignificant. The predicted spans (Tables A.4.22 and 
A.4.23) are not expected to have any noticeable effect on the total breadth of the copper 
powder patterns; for example, with total pattern breadths between ca. 5.0 and 6.5 MHz, a 
span of 2000 ppm (with K = 1.0) only results in a 3% increase in breadth (Figure B.4.8). 
4.4 Conclusion 
Piecewise frequency-stepped QCPMGNMR experiments have been successfully used 
to acquire 65Cu and 63Cu UWNMR spectra of complexes with extremely large copper 
quadrupolar interactions. These spectra provide information on copper quadrupolar 
parameters and chemical shifts for a series of copper environments for which solid-state 
NMR spectra have never been acquired. Residual dipole-dipole coupling in the 31P NMR 
spectra of complexes with Cu-P spins pairs enable the determination of the sign of CQ as 
well as the orientation of the Cu-P vectors with respect to the EFG tensor frames. Ab initio 
calculations, using RHF/6-31++G** and RHF/6-311G**, were extremely successful in 
predicting both EFG tensor parameters and their orientations. We believe that this work 
demonstrates that solid-state 65/63Qi UWNMR spectroscopy holds much promise for the 
structural characterization of spherically asymmetric Cu(I) sites in a variety of systems of 
scientific and technological importance, including biological Cu complexes and assorted 
mesoporous and microporous materials. 
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Chapter 5 
The Impact of Reduction on Properties of Metal 
Bisdithiolenes: Multinuclear Solid-State NMR and 
Structural Studies on Pt(tfd)2 and its Reduced Forms 
5.1 Introduction 
Charge transfer materials have attracted much attention since the introduction of 
"organic metals" because they are less dense than ceramic or metal materials and their 
electrical properties can easily be manipulated by small changes in the organic structure^1'31 
Square planar transition-metal bisdithiolene complexes have frontier orbitals analogous to 
some "organic metals," and as a result, possess similar properties (i.e., the numbers of 
orbitals, as well as their symmetries, approximate energies and shapes, are analogous to those 
of tetrathiofulvalene (TTF) and tetracyanoquinodimethane (TCNQ)).[4] Transition-metal 
dithiolene complexes have been the focus of numerous studies because of their unique 
electronic characteristics, range of stable oxidation states and ability to adopt linear, chain-
like structures in the solid state.[51 The nickel triad (Ni, Pd, Pt) metal complexes have 
received much attention, since an electron transfer series exists where the members are 
separated by a reversible one-electron step process.[6] The redox-chemistry is essentially 
ligand based, and the metal center remains in the oxidation state (II) throughout (Scheme 
5.1).[7] In addition to superconductors, these systems are proposed to be useful in photonic 
devices, chemical sensors and catalytic processes.[5,8] The series [M(S2C2R2)2]
Z (M = Ni, Pd, 
Pt; z = 0, 1-, 2-) has been studied extensively, since the neutral species are known to be 
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Scheme 5.1: Resonance structures of metal bisdithiolene complexes. 
powerful oxidants in the presence of strong electron withdrawing substituents. For example, 
[Ni(S2C2R2)2] (R = CN, CF3) has a highly positive potential of electron transfer (ca. +1.0 V), 
whereas when R = Ph, it is much less oxidizing (+0.33 V).[9] The highly oxidizing 
compounds, such as [Ni(S2C2(CF3)2)2], possess the intriguing and mechanistically complex 
ability to bind to simple olefins in an unconventional manner involving the sulfur 
centers.[I0,11] This compound, and related ones, may have great promise for electrochemical 
separation and purification of olefins. 
An unusual feature of the metal bisdithiolenes is their ligand-based redox chemistry. 
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When charge-neutral complexes [M(S2C2R2)2] are reduced, electrons are accepted into 
orbitals that are mainly ligand-based, and the redox state of the metal is largely unaffected.[9] 
As expected, electron-withdrawing substituents increase the driving force for reduction. 
Such high-potential species are also predicted to exhibit stronger bonding to alkenes.[12] In 
terms of structural characterization of high potential [M(S2C2R2)2]
Z compounds, there are a 
limited number of single-crystal X-ray diffraction studies due to difficulties in isolating 
crystalline solids.[5'13,14] Electron paramagnetic resonance (EPR), IR and UV/vis spectroscopy 
have also been used for structural characterization; however, EPR is restricted to 
paramagnetic samples while only limited information is available from the latter 
techniques.'15'163 
Solid-state NMR (SSNMR) spectroscopy provides an alternative and/or 
complementary method for investigating both the molecular and electronic structures of 
metal-bisdithiolene compounds. In diamagnetic samples, SSNMR of the central metal 
nucleus can provide rich information on the electronic structure.'171 Given that M = Ni, Pd 
or Pt for the [M(S2C2R2)2]
Z (z = 0, 1-, 2-) series, the obvious choice is 195Pt (spin / = 1/2), 
since both 61Ni and 105Pd are both extremely unreceptive quadrupolar nuclei, due to not only 
their low gyromagnetic ratios, but also their low natural abundance and large nuclear 
quadrupole moment, respectively.1181 Chemical and physical properties related to 195Pt NMR 
parameters for the M = Pt species should have relevance in understanding the structurally 
similar M = Ni and Pd species.'17'191 JH, 13C and 19F SSNMR experiments are also useful for 
the elucidation of molecular structure in diamagnetic systems; however, in the paramagnetic 
samples, where 195Pt SSNMR cannot be reliably applied, such experiments provide 
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information on the derealization of unpaired spin density in the molecular system (vide 
infra).[20-25] 
195Pt SSNMR spectroscopy has been used extensively to study a wide variety of 
materials, including semiconductors,1261 electrocatalysts,[27,28] organometallic and inorganic 
compounds,129"331 as well as polycrystalline salts.[31'34"381 The platinum chemical shift range 
is ca. 15000 ppm,[39'401 primarily due to the extremely polarizable valence orbitals of platinum 
atoms, which give rise to enormous platinum chemical shielding anisotropics (CSAs). As 
a result, the isotropic platinum chemical shift, 8iso, and the anisotropic parameters, the span, 
£1, and the skew, K, are all extremely sensitive to relatively minor changes in bonding and 
structure (see Table 5.2 for definitions of these parameters). For instance, platinum spans 
are known to range from Q = 64 ppm in (NMe4)2PtF6, which has local cubic/octahedral 
symmetry around the platinum, leading to a spherically symmetrical tensor, to Q. ~ 10500 
ppm in K2PtCl4, which is square planar.
 [34'36] 
For paramagnetic systems, the interactions between unpaired electron spin density 
and nuclear spins introduce two problems: (i) powder patterns are severely broadened by 
large electron-nuclear dipole-dipole interactions, and/or (ii) the nuclear spin relaxation, Tu 
is dominated by the paramagnetic relaxation mechanism, and may be much faster than the 
response time of NMR spectrometer receivers. In both situations, acquisition of 195Pt 
SSNMR spectra is usually impossible.[24'411 Alternatively, 'H, 13C and19F NMR experiments 
can reveal useful information on the molecular and electronic structure of paramagnetic 
species.[20"25] The hyperfine interaction arising from unpaired electron spin density can 
extend the chemical shift range beyond that of the analogous diamagnetic species, and prove 
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Scheme 5.2: Molecular structure of [Pt(tfd)2]
2. 
to be very diagnostic in interpreting the electronic structure at the metal and in the 
surrounding molecular orbitals (MOs).[23'42"50] 
Herein, we report the use of 195Pt, 13C and 19F SSNMR spectroscopy and X-ray 
crystallography to investigate molecular and electronic structures of the series 
[Pt(tfd)2]
zTNEt4]z
+ (tfd = S2C2(CF3)2; z = 0,1,2) (Scheme 5.2), and follow up a preliminary 
account of our work on [Pt(tfd)2]°.
[17] The single crystal X-ray structures of [Pt(tfd)2]° and 
[Pt(tfd)2][NEt4]2 are presented.
 195Pt NMR spectroscopy is used to measure the platinum CS 
tensor parameters of the diamagnetic species ([Pt(tfd)2]° and [Pt(tfd)2][NEt4]2). Variable-
temperature (VT) 19F-13C CP/MAS and 19F MAS NMR spectroscopy are also utilized to 
determine the hyperfine constants in the paramagnetic species ([Pt(tfd)2] [NEt4]). Theoretical 
calculations are presented to provide insight into the origin of the CS and hyperfine 
interactions and their relationships to molecular and electronic structure. DFT calculations 
are utilized to examine both the orientations of the platinum chemical shielding tensors, and 
the MOs which largely define the characteristics of these tensors. First principles 
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calculations are also applied to calculate the hyperfine interactions in the paramagnetic 
species. 
5.2 Experimental 
5.2.1 Sample Preparation 
[Pt(tfd)2]°. The neutral (oxidized) form of [Pt(tfd)2]° was prepared using the 
three-step procedure reported in the literature/511 starting from Pt(PPh3)4 (STREM) and 
l,2-bis(trifluoromethyl)dithietene, S2C2(CF3)2. l,2-bis(trifluoromethyl)dithietene was 
prepared according to Krespan's[52] procedure and freshly distilled before use. The product 
was purified using two sublimations under active vacuum, using a water-cooled cold finger. 
The crude material did not sublime well: a thin film of green oil (likely due to [Pt(tfd)2]~) 
formed at the cold finger. Such impurities were removed by extraction with dry hexane. The 
first sublimation was performed at 0.04 mbar between 65 and 90 °C. The second 
sublimation, which lead to X-ray quality crystals, was also done at 0.04 mbar, and the 
temperature was slowly increased from 35 to 90 °C over a period of hours, until virtually all 
of the material used (300 mg) had sublimed. 
[Pt(tfd)2] [NEt4]2. While previous literature
1511 reported the use of sodium amalgam 
to produce [Pt(tfd)2]
2" and its precipitation as the tetraphenylarsonium salt, we decided to 
prepare [Pt(tfd)2]
2~ by reduction with LiAlH4 and to crystallize it as the tetraethylammonium 
salt: [Pt(tfd)2]° was dissolved in a minimal amount of tetrahydrofuran (THF). A typical 
preparation involved 50 mg of [Pt(tfd)2]° (0.077 mmol) in 2-3 mL of THF. Enough solid 
LiAlH4 was added to achieve a complete colour change from dark blue to orange-yellow. 
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This involved a slight excess of LiAlH4 (an equimolar amount, for the present 50 mg scale, 
consists of 3.0 mg of LiAlH4). The mixture was filtered through a short column of Celite. 
A saturated solution containing 2.5 eq of Et4NCl (32 mg of Et4NCl for a preparation starting 
with 50 mg of [Pt(tfd)2]
0) in EtOH/H20 (70% EtOH by volume) was slowly added, and the 
solvent was slowly removed under vacuum to near dryness. The product crystallized out as 
dark orange needles, one of which was chosen for the single-crystal X-ray structure 
determination. In order to obtain high yields of the product, it was necessary to reduce the 
volume to dryness to obtain crude product in quantitative yield and to recrystallize from 
i-PrOH/H20 (10:1 by volume). While the product crystallized as dark orange needles 
without co-crystallizate, the impure material contained colourless microcrystals (excess 
Et4NCl, chlorides and hydroxides/oxides of Li and Al) adhering to the orange needles. A 
sufficiently recrystallized sample, obtained after 2-3 recrystallizations, can be seen (by 
microscope) to exclusively contain well-formed dark-orange needles. The material was 
dissolved in a minimal amount of acetone, and the insoluble white powder was removed by 
filtration. An excess of i-PrOH/H20 (10:1 by volume) was added, the volume reduced under 
vacuum to near dryness, and the crystalline material collected by suction filtration. Yield, 
starting from 50 mg of [Pt(tfd)2]°, was 33 mg of [Pt(tfd)2][NEt4]2 (0.036 mmol, 47%). 
[Pt(tfd)2][NEt4]. Comproportionation between [Pt(tfd)2]° and [Pt(tfd)2]
2", to yield 
[Pt(tfd)2]~ occurs quantitatively according to: [Pt(tfd)2][NEt4]2 + [Pt(tfd)2]° -> 2 
[Pt(tfd)2][NEt4]. 77.7 mg (0.120 mmol) of [Pt(tfd)2]° were dissolved in a minimal amount 
of dry toluene. 109.0 mg (0.120 mmol) of [Pt(tfd)2] [NEt4]2 were added, and the solution was 
stirred overnight. A deep red solution was obtained, the volume of which was slowly 
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reduced to dryness under vacuum, yielding [Pt(tfd)2][NEt4] as dark red crystals. 183.7 mg 
(0.236 mmol) of [Pt(tfd)2][NEt4] was obtained (98.4% yield). 
5.2.2 X-ray Crystal Structure Determinations 
Data was collected1531 on a Nonius-Kappa CCD diffractometer using Mo Ka (0.71073 
A) radiation at 150(1) K. Unit cell parameters were refined and data were reduced with 
Denzo-SMN.[54] The absorption correction performed was semi-empirical from equivalents. 
The structures were solved using direct methods[55] and refined, full-matrix least squares on 
F*, using SHELXTLV6.1.[56] 
5.2.3 Solid-State NMR Spectroscopy 
Solid-state NMR experiments were performed on a Varian Infinity Plus NMR 
spectrometer with an Oxford 9.4 T ('H = 400 MHz) wide-bore magnet operating at v0(
195Pt) 
= 85.59 MHz, v0(
13C) = 100.53 MHz, and v0(
19F) = 376.10 MHz, using 2.5 mm and 4.0 mm 
HX MAS probes. For MAS and static (non-spinning) experiments, samples were packed in 
zirconia rotors. Air and/or moisture sensitive samples were packed under a dry N2 
atmosphere and 4.0 mm o.d. rotors were sealed with air-tight Teflon caps. 195Pt chemical 
shifts were referenced with respect to a 1.0 M solution of K2PtCl6 (8is0 = 0 ppm).
[31] 19F 
chemical shifts were referenced with respect to CFC13 (8iso = 0 ppm) using Teflon as a 
secondary standard (8is0 = -122.0 ppm),
[57] and 13C chemical shifts were referenced to 
trimethylsilane (8iso = 0 ppm) using adamantane as a secondary reference (5iso = 38.57 ppm 
for the high frequency resonance).[58] For the static experiments,' 95Pt NMR powder patterns 
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were acquired by collecting spectra at variable transmitter offset frequencies,159"641 using the 
cross-polarization Carr-Purcell Meiboom-Gill (CP/CPMG) pulse sequence.[65,66] 818 
Meiboom-Gill (MG) loops were used for both samples and the acquisition time (l/xa) was 
adjusted to attain a spikelet separation of 5 or 10 kHz. 13 to 18 sub-spectra, each with a 
spectral width of 200 kHz, were collected using an offset frequency of 30 kHz. 19F-195Pt 
CP/CPMG experiments on [Pt(tfd)2]° utilized a
 19F nil pulse width of 2.5 JLLS, a contact time 
of 7.0 ms, a recycle delay of 6.0 s, 19F cross-polarization power (vCP) of 73.3 kHz and
 19F 
decoupling power (vdec) of 69.8 kHz.
 !H-19SPt CP/CPMG experiments were conducted on 
[Pt(tfd)2][NEt4]2, with a 'H nil pulse width of 3.75 us, a contact time of 7.0 ms, a recycle 
delay of 3.0 s, vCP = 84.4 kHz and vdec = 44.4 kHz. Multiple
 195Pt MAS NMR experiments 
were performed using a Bloch decay pulse sequence. A nil pulse width of 1.0 or 1.25 us, 
spectral width of ca. 1.0 MHz, and recycle delay of 90 s were employed to collect each 
experiment in ca. 1000 scans. 
19F MAS NMR experiments were performed using either a Bloch decay or a Hahn-
echo pulse sequence, rc/2 fluorine pulse widths were set to either 2.1 or 2.5 us, and recycle 
delays between 0.2 to 6.0 s were used. 19F-13C CP MAS experiments were performed using 
the variable-amplitude CP (VACP) pulse sequence,167,681 with a two-pulse phase-modulation 
(TPPM) decoupling scheme.[69] nil fluorine pulse widths of 2.5 or 4.5 us, vCP of 70 kHz and 
vdec of 66.7 kHz were employed. VT NMR experiments were performed at temperatures 
ranging between -73 °C and 40 °C. A waiting period of 15 minutes between experiments 
was used to ensure temperature stabilization. vrot for the
 l3C and 19F MAS experiments were 
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15 and/or 16.5 kHz. The temperature changes in the probe due to frictional heating from 
sample spinning were measured using Sm2Sn2O7.
[70] A complete listing of all experimental 
parameters is given in Tables A.5.1 to A.5.5 of Appendix A. 
5.2.4 EPR Spectroscopy 
Platinum electron paramagnetic resonance (EPR) experiments were acquired at room 
temperature using a X-band Bruker ESP 300E spectrometer. The central field was set to 
3480 G using a sweep width of 3000 G. The microwave frequency was set to 9.65 GHz and 
a power of 10.02 mW was employed. 
5.2.5 NMR and EPR Simulations 
NMR parameters were extracted from the static and MAS 195Pt NMR spectra using 
the WSolids software package[71] and Herzfeld-Berger (HB) analysis,[72] respectively. 
Numerical simulations were conducted using SIMPSON.[73] EPR spectra were simulated 
using WINEPR SimFonia v. 1.25. 
5.2.6 Theoretical Calculations 
Density functional theory (DFT) and ab initio calculations were performed on a dual-
2.8 GHz Xeon Dell Precision 650 workstation, a dual-3.6 GHz Xeon Dell Precision 670n 
workstation or the SHARCNET grid of high performance clusters. DFT calculations were 
performed on [Pt(tfd)2]° and [Pt(tfd)2]
2~ using the NMR program[74] in the Amsterdam 
Density Functional (ADF) suite,[75'76] which employs all-electron gauge including atomic 
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orbitals (GIAO) basis sets for all atoms.[77'78] An optimized PtCl6
2~ unit of Oh symmetry
[79'80] 
was used as the chemical shift reference (5iso = 0.0 ppm).
[80] Optimized Pt-Cl bond lengths 
ranged between 2.378 to 2.514 A which are slightly higher than the known crystal 
structure.1801 Similar basis sets and methodologies were employed in calculations for PtCl6
2~ 
where possible. Electron exchange and correlation functionals BLYP,[81'82] VWN-BP,[8385] 
and VWN-rPBEt86'87] were used in the calculations. For non-relativistic calculations, the 
double-^ (DZ) and triple-^ polarized (TZP) basis sets were employed. Zeroth-order regular 
approximation (ZORA)[88'89] was employed for all relativistic calculations with either a triple-
C, double polarized (TZ2P) or quadruple-^ quadruple-polarized (QZ4P) basis set on all atoms. 
Relativistic optimizations were conducted at the scalar relativistic level of theory and 
magnetic shielding calculations were done using full relativistic theory (i.e., including spin-
orbit effects).[90] 
Gaussian 03[91] calculations were performed using the restricted Hartree-Fock (RHF) 
method or the unrestricted Hartree-Fock (UHF) methodologies for ab initio calculations and 
the hybrid functionals PW91VWN,[83,92] B3LYP,[82-93] and MPW1PW91[94] were employed 
for DFT calculations. Huzinaga all-electron (432222/4222/423/3)[95] or the Stuttgart RSC 
1997 ECPt96-97] basis sets were used on Pt while 3-21G*, 6-31G**, 6-311G**, 6-31++G** 
or 6-311++G** basis sets were used on all other atoms. An optimized structure of the anion 
in [Pt(tfd)2] [TTF]
[98] is used as a model for the [Pt(tfd)2]~ species. All shielding tensors were 
calculated uwing the GIAO method.[77'78] Carbon chemical shifts were referenced with 
respect to CO (aref = 187.1 ppm).
[99] Platinum chemical shifts were referenced with respect 
to PtCl6
2~ (5iso = 0.0 ppm) using non-optimized axial and equatorial Pt-Cl bond lengths of 
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2.37 A. Fluorine chemical shielding tensors were referenced with respect to CFC13 (aref = 
0.0 ppm). 
5.3 Results and Discussion 
5.3.1 Solid-State Structures 
Single crystals suitable for X-ray structural determinations were obtained for 
[Pt(tfd)2]° and [Pt(tfd)2][NEt4]2. A crystallographic summary is shown in Table 5.1 and 
molecular structures for both solid state structures are shown in Figure 5.1. Prior to our 
work,tl7] the only other crystallographically characterized form of [Pt(tfd)2]° was the 
monoanion [Pt(tfd)2]~ with tetrathiafulvalinium cation.
[98] 
In the structure of [Pt(tfd)2]°, an analysis of the packing shows that molecular units 
are well separated, without any close contacts between molecules. Pt-Pt distances are very 
long (ca. 4.83 A), ruling out interatomic bonding interactions. The closest intermolecular 
neighbor to each platinum center is a sulfur atom from a neighboring molecule, and at a 
distance of ca. 3.96 A, there is no intermolecular Pt-S bonding. The crystal structure is 
important for the interpretation of the NMR data below, since close metal-metal contacts can 
be excluded, and solid-state NMR data can be interpreted in terms of intramolecular effects 
only. Both structures have platinum centers coordinated in a planar fashion by four sulfur 
atoms, and the coordination environments are in fact perfectly planar, by virtue of 
crystallographic symmetry (note, that the [Pt(tfd)2]° units have approximate £>2h symmetry, 
or C2 symmetry when taking in the CF3 groups into account). Deviations from ideal square 
geometry are due to bis-chelation resulting in intra-ring S-Pt-S angles that are smaller than 
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where w is the weight given each reflection. 
the inter-ring S-Pt-S angles: for [Pt(tfd)2]°, 88.5° vs. 91.5°, respectively, and for 
[Pt(tfd)2] [NEt4]2,89.0°vs.91.0°, respectively. Thus, the chelate bite angles of the dithiolene 
ligand are very similar in [Pt(tfd)2]° and [Pt(tfd)2]
2~, with a statistically significant but very 
small (0.5°) difference (Figure 5.1). 
A look at the differences in bond lengths provides insight into the bonding situation. 
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"CF, 
Figure 5.1: Molecular structures (30% probability envelopes) of [Pt(tfd)2]° (a) and 
[Pt(tfd)2][NEt4]2(b). Selected distances and angles (A, °): a) Ptl-Sl, 2.2423(18); Ptl-S2, 
2.2360(18); Sl-Cl, 1.701(6); S2-C2,1.692(6); C1-C2,1.380(9); S1-PU-S2,88.52(7); Sl-
Ptl-S2', 91.48(7). b) Ptl-Sl, 2.2855(17); Ptl-S2, 2.2826(16); Sl-Cl, 1.761(6); S2-C2, 
1.745(7); C1-C2, 1.348(9); S1-PU-S2, 89.05(6); Sl-Ptl-S2*, 90.95(6). Confidence 
intervals given (center of the Figure) refer to 95% confidence (mean ± 2 s. e. m.). The 
C-C bond shortening indicated is significant with 92% confidence. 
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chemically identical bond distances have been averaged, and where the standard error of the 
mean (s.e.m.) has been determined as the square root of the sum of the squared individual 
relative errors (95% confidence intervals, mean ± 2 s.e.m., are given). The dianionic 
complex has significantly longer Pt-S and C-S bonds compared to the charge-neutral 
complex, while the chelate C-C distance of the dithiolene ligand shortens upon reduction. 
However, the C-C bond-shortening effect cannot be ascertained with 95% confidence since 
the "mean ± 2 s.e.m." intervals overlap (Figure 5.1), but still with 92% confidence (mean ± 
1.77 s.e.m.). A similar effect has been observed and treated theoretically in nickel 
bisdithiolene complexes by Lim, Fomitchev and Holm, where related literature observations 
are also discussed.[6] Previous literature observations of this effect have only been marginally 
significant. Our independent observation herein strengthens the experimental basis for the 
theory that the C-C bond shortening upon reduction of a metal bisdithiolene is a real effect. 
This seemingly counterintuitive effect (a part of the ligand contracts upon reduction of the 
ligand) is correctly predicted by a resonance argument if the fully reduced complex is 
described as containing two dianionic ene-dithiolates (having true C-C double bonds) and 
the fully oxidized complex is described as a resonance hybrid involving both ene-dithiolate 
structures and dithioketone structures (Scheme 5.1 and Figure 5.1). 
5.3.2 Solid-State Platinum NMR and EPR Spectroscopy 
195Pt NMR spectra of [Pt(tfd)2]° and [Pt(tfd)2][NEt4]2 are shown in Figure 5.2. For 
[Pt(tfd)2]° (Figure 5.2a), analytical simulations of the static QCPMG powder pattern envelope 
reveal 5iso = -4020(100) ppm, Q, = 5850(200) ppm and K = 0.34(3). However, HB analysis 
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Figure 5.2: 195Pt NMR spectra of (a) [Pt(tfd)2]° and (b) [Pt(tfd)2][NEt4]2 where (i) are 
static and (ii) are MAS spectra. Top traces are simulations and bottom traces are 
experimental spectra. The downwards arrows denotes isotropic chemical shifts and all 
other peaks are spinning side bands. 
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Table 5.2: Experimental Pt CS tensor parameters. 
v r o t 
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w Isotropic shift is defined as 8^ = (8n + 822 + S33)/3.
 [bJ Q = 8„ - 833. w K = 3(822 - 8iso)/Q. 
of the spinning sideband manifold from the MAS spectra (Figure 5.2a(ii)) provide more 
accurate parameters (Table 5.2). It has long been established that the principal components 
of the CS tensor are constrained by molecular symmetry elements. Since [Pt(tfd)2]° has 
approximate D2h symmetry, and since 533 is the most distinct component, it is highly probable 
that 833 is directed along the two-fold rotational axis perpendicular to the molecular plane. 
8U and 522 are constrained in the plane along two more two-fold rotational axes/mirror 
planes, and are differentiated from one another by their unique environments; hence, the 
skew is positive and non-zero. In other square planar Pt complexes, the spans are typically 
large, ranging between ca. 3600 to 10400 ppm, and have highly axially symmetric CS tensors 
for the same reasons.[33"35'65'100] Similar tensor parameters are observed for the square planar 
complexes: for instance, cis- and trans-tEt^^iC^ have Q = 6003 and 6405 ppm, and K = 
0.62 and 0.63, respectively.11003 
The static and MAS 195PtNMR spectra of [Pt(tfd)2][NEt4]2 (Figure 5.2b) reveal Q, is 
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Table 5.3: Selected bond lengths and angles of [Pt(tfd)2]° and [Pt(tfd)2][NEt4]2. 
[Pt(tfd)2]° [Pt(tfd)2][NEt4]2 


































































similar to that of the fully oxidized complex (ca. 3800 ppm); however, K is negative (- 0.55), 
indicating that 5 n is the distinct principal component and directed perpendicular to the 
molecular plane. This is an interesting result, since [Pt(tfd)2]° and [Pt(tfd)2][NEt4]2 are 
superficially similar in structure; the Pt-S, S-C and C-C bond lengths change by less than 
5% and the Z(S-Pt-S), Z(Pt-S-C) and Z(S-C-C) bond angles change by less than 2% (Table 
5.3). There clearly must be a substantial difference between the electronic structures of 
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[Pt(tfd)2]° and [Pt(tfd)2][NEt4]2; specifically, the character and energies of the MOs 
describing bonding between the Pt d-AOs and the dithiolene MOs must be disparate in these 
two complexes. These relationships are further explored in the computational section below. 
195Pt NMR spectra of [Pt(tfd)2] [NEt4] could not be acquired because large hyperfine 
couplings (vide infra) between the unpaired electrons and platinum nuclei broaden the 
powder patterns beyond detection. EPR spectroscopy is often used to examine paramagnetic 
[M(S2C2R2)2] complexes for information about the electronic structure. Simulation of the 
EPR spectrum (Figure 5.3) reveals an asymmetric g-tensor with principal tensor component 
values of gx = 2.28(2), gy = 2.01(1) andgz = 1.85(3), which are in agreement with previously 
reported data[51] and are comparable to other planar metal bis(dithiolene) complexes.[10I"103] 
Experimental 
Simulation 
I i | i | i | i | i | i | i | i 
1500 2000 2500 3000 3500 4000 4500 5000 G 
Figure 5.3: Solid-state platinum EPR spectrum of [Pt(tfd)2][NEt4] at room temperature. 
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The asymmetric g-tensor with a large anisotropy indicates that the unpaired electron spin 
density is not localized at the platinum centre. The tensor is oriented with the gz component 
is directed perpendicular to the molecular plane and the gy and gx components bisect the 
intra- and inter-molecular ZS-Pt-S bond angles, respectively. Typically for paramagnetic 
metal bis(dithiolene) compounds with cP configurations, the g-tensor would be axially 
symmetric, as in the case for [Cu(S2C2(CN)2)2]
2~.[51] Since the g-tensor of [Pt(tfd)2][NEt4] is 
asymmetric, the unpaired electron spin density must be primarily delocalized on the 
ligands.[51,101'103] and the platinum metal centre must have a cP configuration as previously 
described by Ray et al.[7] 
5.3.3 19F-13C CP/MAS NMR Spectroscopy 
Since [Pt(tfd)2][NEt4] is paramagnetic,
 195Pt SSNMR experiments do not yield an 
observable signal. However, 13C and 19F SSNMR experiments should be useful for structural 
characterization, as unpaired spin density delocalized throughout the molecule can result in 
large chemical shift changes in the 13C and 19F NMR spectra. In order to provide a basis for 
interpreting the 13C NMR data in the paramagnetic species, 19F-13C CP/MAS NMR spectra 
were acquired for the fully oxidized and fully reduced species as well (Figure 5.4). For 
[Pt(tfd)2]°, two resonances are observed at 121.5 and 169.4 ppm which are assigned to the 
trifluoromethyl and "ene" carbons, respectively. For [Pt(tfd)2][NEt4]2, the
 13CF3 nucleus is 
less shielded (8iso = 128.3 ppm); however the "ene"
 13C nuclei are more shielded, 8iso =123.5 
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Figure 5.4: 19F-,3C CP/MAS NMR spectra of (a) [Pt(tfd)2]°, (b) [Pt(tfd)2][NEt4]2, and (c) 
[Pt(tfd)2][NEt4] at 9.4 T. The downwards arrows denotes isotropic chemical shifts and * 
denote impurity peaks. All other peaks are spinning sidebands. 
The room-temperature 19F-13C VACP/MAS NMR spectra of [Pt(tfd)2][NEt4] are 
shown in Figure 5.4c. Resonances at 127.0,53.6 and 7.8 ppm are associated with CF3, CH2 
and CH3 groups, respectively, from trace amounts of the starting material, [Pt(tfd)2][NEt4]2. 
Based on 'H-^C VACP/MAS NMR experiments (see Figure B.5.1 of Appendix B), the 
peaks at 33.5 and -3.9 ppm are assigned to the CH2 and CH3 groups of the counter ion NEt4
+. 
The broad resonance observed at - 65.7 ppm is associated with the CF3 groups of the anion. 
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A resonance corresponding to the "ene" carbons of monoanionic species does not appear in 
the spectrum, possibly due to a large hyperfine coupling, which would broaden the peak 
beyond detection (this is addressed below in the theoretical section). 
For [Pt(tfd)2][NEt4], the presence of electron spin density dramatically shifts the 
NMR resonances due to the hyperfine couplings. The total chemical shift (5tot) in 
paramagnetic systems can be broken down into 5obs and 5hf:
[104"106] 
8tot = 8obs + 6hf = 5obs + 8FC + 5dip [5.1] 
where 5obs is the observed chemical shift of the isostructural diamagnetic compound and \ { 
is the shift from the hyperfine interaction. 8hf has two contributing terms: the Fermi contact 
shift, 5FC, and the dipolar shift, 8dip. In most cases involving
 13C and 'H nuclei in conjugated 
molecular systems, the dipole-dipole interaction is much smaller than the Fermi contact 
interaction, and is often ignored. The Fermi contact shift can be expressed as: 
8 p c = " 3*7SN P N 4 »
 [ 5 ' 2 ] 
where Pe and pN are the Bohr magneton of an electron and nucleus, respectively, S is the 
electron spin, and ge and gN are the g-value of a free electron and g-value of the nucleus, 
respectively. Aiso is the hyperfine coupling constant, which is defined as 
where pap is the Fermi contact spin density, which is the probability of finding an unpaired 
electron at a given atom. The spin density is associated with a magnetic moment that is 
generated by an electron spin when in a magnetic field, B0. If the magnetic moment is 
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oriented parallel to B0, then the spin density is termed a (or positive) and when it is 
antiparallel then it is termed (3 (or negative). When the spin density is delocalized from the 
metal orbitals to the ligand orbitals, hyperfine interactions occur giving rise to 5^, which is 
proportional to pap. For negative values of pa(3, the resonance moves to a lower frequency 
while a positive value moves the resonance to a higher frequency.124'104'1075 Substituting 




5tot = 5obs + gj£ Pap I5 '4! 
The CF3
 13C chemical shift of [Pt(tfd)2][NEt4], with respect to the analogous diamagnetic 
species, is at lower frequency with a Fermi contact shift of ca. -189 ppm. The negative shift 
indicates that a negative electron spin density is present in the molecular orbitals of the CF3 
groups. 
5.3.4 19F MAS NMR Spectroscopy 
19F MAS NMR spectra are shown in Figure 5.5. Two isotropic peaks are seen for 
[Pt(tfd)2]° at - 53.4 and - 56.7 ppm. An earlier solution NMR study shows a single
 19F NMR 
resonance at - 57.5 ppm.[51] In a [Pt(tfd)2]° molecule with perfect D2h symmetry, the related 
intra- and inter-molecular ZS-Pt-S and ZPt-S-C bond angles are identical (i.e., ZPt-Sl-Cl 
= ZPt-S2-C2). However, in the real system, these angles are slightly different from one 
another (Table 5.3), possibly accounting for the unique CF3 group environments. HB 
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Figure 5.5: 19F MAS NMR spectra of (a) [Pt(tfd)2]°, (b) [Pt(tfd)2][NEt4]2 and (c) 
[Pt(tfd)2][NEt4] at 9.4 T. The downwards arrows denotes isotropic chemical shifts, * 
indicates the presence of trace amounts of starting material, [Pt(tfd)2][NEt4]2, and all other 
peaks are spinning sidebands. 
close to - 1 , for both fluorine sites. In [Pt(tfd)2][NEt4]2, a single resonance is observed at 
- 53.4 ppm, signifying that the fluorine nuclei are in identical environments. [Pt(tfd)2][NEt4] 
has two distinct peaks at 38.2 and 13.8 ppm (Figure 5.5c), suggesting that the structure of the 
monoanion may be similar to [Pt(tfd)2]°. The high frequency shifts relative to the resonances 
of the diamagnetic compounds correlate to positive electron spin densities and Fermi contact 
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shifts of 91.6 and 67.2 ppm, respectively. The fluorine chemical shielding anisotropy 
increases for [Pt(tfd)2][NEt4] (Q. = 128(8) ppm), and Kremains axially symmetric (K = -1.0). 
5.3.5 Variable-Temperature NMR 
19F-13C VACP/MAS variable temperature (VT) NMR spectra are shown in Figure 5.6. 
As the temperature increases, the chemical shift moves to higher frequency. The lowest 
frequency resonance, which corresponds to the CF3 carbons, moves from -79.7 ppm at +40 
Temp CC) 7 
- 7 3 / \ 
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Figure 5.6: 19F-13C CP/MAS NMR spectra at various temperatures of [Pt(tdf)2][NEt4] at 
9.4 T. vrot =15.0 kHz. The downwards arrows denotes isotropic shifts of the CF3 carbons 
and dashed lines indicate isotropic shifts from the NEt4 cation and [Pt(tfd)2][NEt4]2. All 
other peaks are spinning sidebands. 
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°C to -156.9 ppm at -73 °C, and the line width broadens from 1.28 to 3.03 kHz with 
decreasing temperature. The broadening of peaks may be due to slower motion of the CF3 
groups, since typical rotational barrier energies of organic systems range between 2.5 to 4.5 
kcal mor'.[108"11I] According to eq. 4, the spin density can be determined by plotting 5tot as 
a function of 1/T (Figure 5.7a). The slope of the correlation line predicts pap to be 
approximately-1.5(1)* 10~3au, with ani?2 value of 0.979. The ̂ -intercept as 1/T- Oshould 
equal the chemical shift observed for the diamagnetic equivalent species; however, the 
intercept is 76.5(16.3) ppm which is ca. 46 ppm less than the 5iso(CF3) of the diamagnetic 
species. 
19F VT MAS NMR spectra of the paramagnetic species are shown in Figure 5.8. 
Two resonances are observed in the spectra which are denoted as Fl and F2 for the low and 
high frequency peaks, respectively. At higher temperatures (i.e., 40 °C) the peaks are narrow 
(e.g., FWHH of ca. 1.6 kHz for Fl). As the temperature decreases, the peaks broaden to ca. 
3.9 kHz at -73 °C, again due to the much slower rotational motion of the CF3 groups. Plots 
of 5tot against 1/T (Figure 5.7b and 5.7c) yield electron spin densities of 4.1(4)xl0"
4 and 
7.0(9)xl0"4 au (R2 = 0.971 and 0.951) for sites Fl and F2, respectively. The ̂ -intercepts at 
1/T - 0 from the best linear fits predict that the diamagnetic complex should have a 5iso for 
sites 1 and 2 of - 30.2(5.1) ppm and - 36.0( 11.5) ppm which is in reasonable agreement with 
the experimentally observed 8iso of ca. -54 ppm. The differences between experimentally 
observed values of 5iso(
13C) and 5iso(
19F) with those obtained from linear regression fits of the 
VT data can certainly not be explained by the small spin-dipolar contributions (see 
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Figure 5.7: Temperature dependence of 5tot for [Pt(tdf)2][NEt4]. (a)
 19F-I3C CP/MAS VT data with slope = -1.5(1)*J 0" 
intercept = 76.5(16.3) and R2 = 0.979. 19F MAS VT data for (b) site Fl with slope = 4.1(4)xl(T4, intercept = 
-30.2(5.1) andi?2 = 0.971 and(c) site F2 with slope = 7.0(9)xl0~4, intercept = -36.0(11.5) andi?2 = 0.951. Solidlines 
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Figure 5.8: 19F MAS NMR at various temperatures of [Pt(tdf)2][NEt4] at 9.4 T. vr, 
16.5 kHz. The downwards arrows denotes isotropic peaks and all other peaks are 
spinning sidebands unless indicated. 
chemical shift changes, though the precise nature of these dynamics is not understood at this 
time. 
5.3.6 Computational Studies of NMR Parameters 
To gain a better understanding of the relationships between the molecular structures 
in the [Pt(tfd)2]
z series and the experimentally determined NMR parameters, first principles 
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calculations were performed using the Amsterdam Density Functional (ADF) and the 
Gaussian 03 (G03) computational suites, respectively. Various methods and basis sets were 
employed in an attempt to obtain consistent agreement between experimentally measured and 
theoretically calculated CSA parameters and paramagnetic chemical shifts. The first part of 
this section focuses on predicting platinum CS tensor parameters, and the major shielding 
contributions from individual molecular orbitals (MOs). The second part of this section 
discusses theoretically calculated hyperfine interactions and their influences on observed 
carbon and fluorine chemical shifts. 
5.3.7 Platinum CS Tensor Calculations 
Platinum ADF calculations are shown in Table 5.4. Non-relativistic (NR) 
calculations on [Pt(tfd)2]° produced isotropic chemical shift values that are in relatively good 
agreement with the experimental values. Q and K values are consistent across all basis sets, 
but Q. are underestimated with respect to experimental values by 1600 to 1700 ppm, and K 
are overestimated. This means that theoretical skews are too positive: calculations predict 
5 n and 522 to be in very similar electronic environments, which is not the case. Similar 
calculations on [Pt(tfd)2]
2" predict values of Q. and K which are in good agreement with 
experimental data; however, 5iso is underestimated by between ca. 500 to 1400 ppm. 
Slight improvements in the calculations for the fully oxidized compound ([Pt(tfd)2]
0) 
are observed by incorporating relativistic effects via the zeroth-order regular approximation 
(ZOPvA).[88'89] For [Pt(tfd)2]°, the isotropic chemical shifts and skews are in much better 
agreement with experimental values. Q. values are now overestimated, but closer to 
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Table 5.4: Platinum CS tensor parameters calculated using ADF software. 
Rncic Cat "11 "22 "33 " ISO 
Basis set ( p p m ) [ a , ( p p m ) l a ] ( p p m ) [ a ) (ppm)[a],[bi ( p p m ) tb i
 K 
[Pt(tfd)2]° 


































































































[aI Chemical shifts are converted from chemical shielding (a) using the formula 8 = (oref - a)/(l - cre£) where aref is the absolute shielding of the reference molecule 
PtCl6
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Figure 5.9: Platinum CS tensor orientations for (a) [Pt(tfd)2]° and (b) [Pt(tfd)2]
2\ 
Tensor orientations are based on VWN+BP/TZP-Pt(4d) calculations. 
experimental values. Interestingly, for [Pt(tfd)2]
2~, ZORA calculations do not significantly 
improve agreement between experimental and theoretical values. Two important 
contributions in relativistic calculations of chemical shielding of heavy atoms are the scalar 
and spin-orbit (SO) coupling terms. In a closed shell system, as in the [Pt(tfd)2]
2~ species, 
the SO coupling is insignificant compared to scalar relativistic effects since the total orbital 
angular momentum is small.tn2"1141 Hence, the ZORA calculations are dominated by the 
scalar contribution making them similar to a non-relativistic calculations. 
The platinum CS tensor orientations for [Pt(tfd)2]° and [Pt(tfd)2]
2~ from the 
VWN+BP/TZP-Pt(4d) ADF calculations are shown in Figure 5.9. As hypothesized from the 
experimental results, o33 is perpendicular to the molecular plane in [Pt(tfd)2]°, and a u is 
perpendicular to the molecular plane in [Pt(tfd)2]
2", despite the structural similarity of these 
two molecular units. Attempts to calculate the 195Pt CS tensor parameters using G03 were 
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unsuccessful and will not be discussed further (see Table A.5.6 of Appendix A for sample 
data). The disparate CS tensor orientations warrant further consideration, and a full analysis 
of contributing MOs using ADF software is presented in the following section. 
5.3.8 MO Analysis 
According to the formalism of Ramsey, the total magnetic shielding at a nucleus can 
be arbitrarily broken into diamagnetic and paramagnetic terms, a = a6 + op.[I15"117] The 
diamagnetic and paramagnetic terms arise from the magnetically induced circulation of 
electrons in ground state MOs and magnetically induced mixing of ground state and excited 
state MOs, respectively. In most cases involving transition metals, the paramagnetic term 
tends to be the largest contributor to the total shielding tensor. Under the treatment of 
Ziegler and co-workers, which is functionally quite different from the original Ramsey 
treatment, the paramagnetic term can be broken down further into contributions from mixing 
of occupied (occ) MOs (o P<OCC-°CC>) and mixing of occupied and virtual (vir) MOs (ap(occ" 
vir)-j [74,118] j ^ ^ c a g e 0f platinum, the latter terms are dominant, and discussion is therefore 
largely restricted to these terms. Complete descriptions of the ADF methodology can be 
found in other sources.174'118"122] 
A pair of MOs can be induced to mix by a magnetic field, and contribute to chemical 
shielding if the following three-center integral is non-zero: 
(PilAJO = frbLnVa* * 0 [5-5] 
where <pb and (pa are single-electron MOs and Ln is an angular momentum operator (n=x, 
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y, z). Such integrals can be evaluated qualitatively as being zero or non-zero using symmetry 
arguments, though the actual magnitude of the contribution, which is dependent upon both 
the degree of overlap of the two orbitals and their energy difference, must be obtained from 
explicit calculations.[123] The three-center integrand in eq. 5.5 can be evaluated by taking the 
direct product of the irreducible representations (IRs) of the MOs and rotational operators 
of the appropriate point group.[123] The integrand is non-zero if: 
Y{<pb) ® T{Ln) ® T((pa) 2 A [5.6] 
If the above equation holds, then the contribution to op is symmetry allowed.[124] As an 
example, consider the MO pair 9B3g and 101?*2g of the [Pt(tfd)2]° species (Figure 5.10). The 
direct products of the IRs of the MOs and the three rotational operators of the D2b point group 
give: 















where T(Rx), T(R) and T(i?z)are IRs of the angular momentum operators that describe 
rotations about the x, y and z-axes, respectively. The cross-product that evaluates to the 
totally symmetric representation (i.e., Ag) indicates that symmetry-allowed mixing of the two 
181 
L->"X(CT22) 





























Figure 5.10: Occ and vir MOs involved in major paramagnetic shielding contributions 
for[Pt(tfd)2]°. 
MOs only occurs with Lz. Therefore the paramagnetic shielding contribution from this MO 
pair is directed towards the CS tensor component along the z-axis. 
Contributions of the mixing occ and vir MOs are summarized in Tables 5.5 and 5.6. 
For [Pt(tfd)2]°, of the 24 MO pairs that account for 49% (Table A.5.7) of the total 
paramagnetic shielding contribution, the six major contributors (21% of <f) are shown in 
Table 5.5. According to the calculations, the largest shielding contribution comes from 9B3g 
lOB*2g (<-• denotes orbital mixing) where AE = 1.78 eV (Figure 5.10). As mentioned -<-> 
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Table 5.5: Contributions to paramagnetic shielding from mixing of occ-vir MOs of 
[Pt(tfd)2]° based on BLYP/TZP-Pt(4d) calculations. 
Major occ-vir MO Pairs 
occ 
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Numbers in bold indicate major contributors to the total paramagnetic shielding (> 5%). 
Table 5.6: Contributions to paramagnetic shielding from mixing of occ-vir MOs of 
[Pt(tfd)2]
2" based on BLYP/TZP-Pt(4d) calculations. 
Major occ-vir MO Pairs 
occ 
2Ug(116) 





205* lg (128) 




2 4 5 % (155) 














































Numbers in bold indicate major contributors to the total paramagnetic shielding (> 5%). 
earlier, the 953g and 105% MOs are mixed with an Lz angular momentum operator of Blg 
symmetry, resulting in a large shielding contribution of 2951.3 ppm along the z-direction 
(perpendicular to the molecular plane), which is also the direction of a33. Under an arbitrary 
convention of right-handed rotation, this is the result of destructive overlap between these 
two MOs (i.e., red lobes overlap with yellow, and vice versa). The only large deshielding 
contributions are predicted in the molecular plane along the x andy directions. For instance, 
the 21 Ag and lOB*2g MOs are mixed with an L angular momentum operator of B2g 
symmetry, which results in constructive overlap (red on red, yellow on yellow), and produces 
a large deshielding contribution of -1844.66 ppm along the a n direction. 
[Pt(tfd)2]
2~ has seven major MO pairs that make up 40% of the total a p (Table 5.6). 
Unlike the case of [Pt(tfd)2]°, paramagnetic deshielding contributions dominate the direction 
perpendicular to the molecular plane, resulting in a n being oriented along the z-direction. 
For instance, there is a large deshielding contribution (-2186.0 ppm) from 102?2g *-*10B*3g 
(AE = 2.08 eV) that is perpendicular to the molecular plane. The large deshielding 
contribution along the z-axis is similar to other square planar platinum complexes with 
negative skew values.[125'126] There are fewer paramagnetic deshielding contributions in the 
plane, and even a significant shielding contribution (932.9 ppm), from lOB2g ++20B*lg (AE 
= 2.01 eV), parallel to the x-axis along the a33 direction (Figure 5.11). 
The different CS tensor orientations in the diamagnetic species results from changes 
in their MO configurations. One can consider individual MOs, as well as their pairings, and 
note that changes in energy of key MOs can have profound influences on the nature of the 
CS tensor. For instance, one of the most significant differences is at the HOMO and LUMO 
levels. In [Pt(tfd)2]°, the 10B*2g LUMO is involved in significant deshielding contributions 
along the molecular j;-axis (au) and shielding along the z-axis (a33). The MO with the same 
symmetry in [Pt(tfd)2]
2~ occupies an important position as the HOMO, and now has a major 
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Figure 5.11: Occ and vir MOs involved in major paramagnetic shielding 
contributions for [Pt(tfd)2]
2". 
role in a deshielding contribution along the z-axis (ou) and shielding along the x-axis (o33). 
In [Pt(tfd)2]
2~, the 2 0 5 % is the LUMO (it is the LUMO+1 in [Pt(tfd)2]
0) and is involved in 
large deshielding contributions along z andy (on and o22), and a shielding contribution along 
x (033), while the contributions of the 205* lg MO in [Pt(tfd)2]° are quite distinct. Finally, the 
2L4g occ MO in [Pt(tfd)2]° is relatively high in energy and is involved in two major 
deshielding contributions along both the j>- andz-axes (o n and a33 respectively); however, 
in the [Pt(tfd)2]
2~ species, 2 \A is only involved in one major shielding contribution along the 
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z-axis (an); this is because the 1052g is now the HOMO, and is not available for a large occ-
vir contribution. Changes in electronic configuration, which are largely localized in the 
valence MOs of the bisdithiolene ligands (Tables A.5.9 and A.5.10), lead to significant 
changes in shielding and deshielding contributions arising from mixing of MOs of various 
symmetries; a few representative examples have been discussed here, and a full table of 
major interactions is provided in Appendix A. 
5.3.9 g-Tensor Calculations 
G03 and ADF theoretical calculations of the g-tensor values of [Pt(tfd)2]~ were 
performed (Table 5.7). G03 calculations of the g-tensor principal components are in 
agreement with the experimental results. Calculated gx, gy and gz values are within 4.0, 7.0 
and 0.3% of the experimental values. Relativistic effects were also examined using ADF 
ZORA calculations. The best ADF result was obtained while employing the VWN+BP 
method with a triple-^ double polarized basis set. Increasing the size of the basis set or 
changing the correlation functional predicted a more axially symmetric tensor with a smaller 
anisotropy, inconsistent with experimental results. 
5.3.10 Hyperfine Shift Calculations 
Theoretical calculations using both G03 and ADF were performed on the [Pt(tfd)2]~ 
radical anion in order to predict the carbon hyperfine shifts of the CF3 groups (Table 5.8). 
All G03 calculations predicted a negative spin density on the trifluoromethyl carbons, in 
agreement with the experimental ,9F-13C VT/MAS results. Using the pure DFT method 
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Table 5.7: Theoretical g-tensor values of [Pt(tfd)2] . 
Method 
Experimental 











































































PW91VWN in G03 produced the best results. When hybrid methods such as B3LYP and 
MPW1PW91 are employed, pa(3 values were correctly estimated, however, 5obs was 
underestimated. All calculations using UHF underestimated the spin density by an order of 
magnitude and 5obs by as much as 49 ppm. Dipolar shifts were also calculated, and as 
discussed earlier, are not significant contributors to the total chemical shift. Inclusion of 
relativistic effects had little influence on the calculated hyperfine shifts, as demonstrated by 
ADF ZORA calculations (Table 5.8). G03 calculations also predict relatively large spin 
densities on the "ene" carbons which are nearly double that of the trifluoro carbons for most 
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[a] Calculated using Eq. 4 where T = 298 K. [b] Average experimental 13C chemical shift of [Pt(tfd)2]° and 
[Pt(tfd)2][NEt4]2.
 w No values reported since NMR. calculations cannot be performed on open shell systems 
with ADF. 
methods (Table A. 5.11), confirming that large hyperfine interactions are present which likely 
render the 13C NMR signal unobservable. 
Unfortunately, a qualitative comparison of the theoretical 19F hyperfine shifts to the 
experimental values can not be made at this time, since the stationary (i.e. non-rotating) 
model of the CF3 groups used in the calculations are not representative of the true solid-state 






calculations does not provide a true representation of the fluorine atoms in the solid structure, 
and the theoretical results are unreliable (Table A.5.12) and therefore will not be discussed 
further. 
5.3.11 Electronic Structure 
For ligands directly associated with the 7C-system of paramagnetic complexes, 
information on the spin density can be obtained. It is well known that when spin density is 
delocalized from the metal d orbitals to the ligands through the ligand 7c-system, it can 
influence the spin density of the ligands through spin polarization.t24'107'127] In cases where 
a ligand is a-bonded to the molecular framework containing the delocalized rc-system, sign 
inversion (changing from positive to negative spin density and vice versa) of the spin occurs 
in the ligand and can continue through the ligand by consecutive polarization of a bonds or 
by direct polarization through the spin of the skeletal it orbital (Scheme 5.3). The NMR and 
theoretical results both predict negative and positive spin densities of the trifluoromethyl 
carbon and fluorine atoms, respectively, and are consistent with spin derealization trends 
for nuclei of substituents coordinated to 7C ligands (i.e. dithiolene ring) of paramagnetic 
complexes. 
C<03>C... 
Scheme 5.3: Spin polarization schemes through o bonds or K orbitals. 
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Figure 5.12: (a) Positive spin density plot and (b) lOB2g MO of [Pt(tfd)2]~. Contour 
isovalue of 0.04 a.u. was used for both figures. 
Experimental and theoretical results also indicate that positive spin density is 
delocalized in the 7t-system of the [Pt(tfd)2]~ dithiolene rings, in line with the small hyperfine 
shifts of the CF3 carbon and fluorine atoms and unobservable ring
 13C signals, due to large 
hyperfine interactions of the "ene" carbons (Table A.5.11). This can be seen in the spin 
density plot shown in Figure 5.12a, which resembles the contour plot of the lOB2g MO 
(SOMO), and is primarily composed of a spins (Figure 5.12b). This MO does not have any 
significant contribution from the CF3 groups, and is primarily (> 80%)pz(S) in character, 
which confirms that the ligand (not the metal) accepts the electron in the reduction of 
[Pt(tfd)2]° to [Pt(tfd)2]\ 
5.4 Conclusions 
We have demonstrated that solid-state NMR data, in conjunction with first principles 
calculations, are valuable for characterizing the molecular electronic structures of the 
compounds in the [Pt(tfd)2]
z series; notably, the number of electrons in and nature of the n-
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MOs have enormous influences on the observed NMR spectra. Extremely broad19 Pt NMR 
spectra were measured for the diamagnetic species, revealing platinum CS tensors with 
distinct symmetries. Theoretical calculations of the 195Pt CS tensors are in good agreement 
with the experimental values, revealing distinct tensor orientations for the fully oxidized and 
the fully reduced species. A theoretical analysis of the MO pairs making major contributions 
to platinum chemical shielding demonstrate that the disparate CS tensors arise from 
differences in the population of the 7C-MOs. The distinctly different bonding patterns in the 
fully reduced species compared to the fully oxidized species were additionally confirmed by 
the subtle but significant differences in bond distances. 13C and 19F MAS NMR experiments 
aid in examining the structure of all three compounds. In particular, the paramagnetic 
monoanionic species was studied with VT NMR experiments, and the electron spin densities 
at 13C and 19F were measured experimentally. Theoretical calculations of the spin densities 
are in excellent agreement with the experimental values, providing insight into the 
distribution of unpaired electron spin density, and accounting for the absence of several key 
peaks in the 13C NMR spectra. Given the sensitivity of these parameters to changes in the 
electronic configuration, and our new understanding of the correlation between the NMR 
parameters and electronic structure, 195Pt NMR of diamagnetic compounds and 13C and 19F 
NMR of paramagnetic species should be able to aid in probing the interaction of olefins with 
the [Pt(tfd)2]° species, providing fundamental information for future design and application 
of these systems in olefin purification. 
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Chapter 6 
Application of Static Microcoils and WURST Pulses for 
Solid-State Ultra-Wideline NMR Spectroscopy of 
Quadrupolar Nuclei 
6.1 Introduction 
A tremendous amount of work has been published on the solid-state NMR 
spectroscopy of quadrupolar nuclei (spin I > 1/2) over the past fifteen years,[1] due to 
advances in pulse sequences and NMR hardware, and the fact that ca. 73% of the elements 
in the periodic table have quadrupolar NMR-active nuclides, many of which are of great 
importance in the characterization of chemical and biological systems (e.g., 170,23Na, 27A1, 
etc.). However, there are numerous quadrupolar nuclei with low natural abundances, low 
gyromagnetic ratios, large quadrupole moments or combinations thereof which often result 
in extremely broad spectra (between hundreds of kHz to a few MHz in breadth) and 
correspondingly low signal intensity. Such spectra are difficult to acquire using conventional 
techniques, since short, high power pulses are largely incapable of uniformly exciting the 
broad spectral regions. As a result, special methods, including frequency-stepped or field-
stepped NMR experiments, are often employed. [2"9] 
Frequency-stepped NMR experiments involve acquiring spin echoes at evenly spaced 
transmitter frequency increments which cover the entire breadth of the spectrum, while 
holding the external magnetic field constant. The spin echo intensities may be plotted as a 
function of transmitter offset[2'7] or the individual echoes may be Fourier transformed and 
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then co-added or projected in the frequency domain.[5'6] The latter is generally more efficient, 
since fewer experiments are required to provide an adequate representation of the pattern; 
of course, this depends on prudent consideration of excitation bandwidths and transmitter 
offsets in order to obtain a uniform excitation profile. Field-stepped NMR experiments are 
conducted with a constant transmitter frequency in much the same manner, though are less 
common, due to additional hardware required to adjust the field strength homogeneously. 
We refer to the broad spectra acquired by these methods as ultra-wideline (UW) NMR 
spectra, since multiple acquisitions with evenly spaced transmitter frequencies are required 
to generate the entire spectrum using standard probeheads and spin-echo sequences. The use 
of these "stepped" methods for the acquisition of UWNMR spectra, which are typically 
greater than 300 kHz in breadth, can be very labourious, since experiments require continual 
attention and probes must be repeatedly retuned. Fortunately, there are several options 
available for acquiring UW powder patterns in a more efficient manner. 
One alternative is to use large amplitude radio frequency (rf) fields (> 200 kHz) for 
broader excitation bandwidths. Standard NMR probes (i.e., with 4.0 or 5.0 mm i.d. coils) 
and 1 kW amplifiers are insufficient for the production of such rf fields. Solenoid microcoils 
(coils of inner diameters less than 1.0 mm) may be used to generate the high rf fields that are 
necessary for UW broadband excitation. A homogeneous rf field (B,) generated along the 
axis of a solenoid coil is proportional to the length (I), diameter (d) and number of turns (n) 
ofthecoil.[10'11] 
B' ' fih '"' 
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Decreasing the diameter of the coil into the microcoil regime enables the production of much 
larger if fields with standard amplifier powers. One disadvantage of this approach is that the 
sample volume must be reduced, which of course influences factors such as signal to noise 
and overall experiment times; however, sample sizes are often limited and not amenable to 
characterization using standard-sized NMR probes. 
To date, there have been very few studies reporting the use of microcoils for 
UWNMR spectroscopy. Kentgens et al. reported the acquisition of an 27A1 NMR spectrum 
of sapphire featuring both the central and satellite transitions. An rf field of greater than 1 
MHz was applied to acquire the 800 kHz wide spectrum in a single experiment.[12] They also 
employed the frequency-stepped NMR method with a microcoil to acquire an 75As NMR 
spectrum of ca. 1.0 MHz in breadth.[13] Most of the studies utilizing microcoils feature either 
solution-state NMR spectroscopy of mass limited samples114,151 or the use of microcoil 
probeheads with other analytical techniques such as high pressure liquid chromatography for 
in situ NMR spectroscopy[16'18] or small volume imaging studies.[19,20] These studies have 
shown that the use of microcoils can significantly improve sensitivity and resolution. These 
advantages are also beneficial for solid-state NMR experiments and have been applied in ]H 
MAS and 'H-13C cross-polarization magic angle spinning (MAS) NMR spectroscopy of 
(bio)organic compounds.[21"23] In a *H NMR study of L-alanine, Sakellariou et al. reported 
an efficiency factor (vide infra) of 19 in the signal-to-noise ratio (S/N) between 750 |im and 
7.0 mm coils.[23] The combination of broad excitation bandwidths and improved S/N would 
be extremely useful for UWNMR spectroscopy, given the low S/N and long experimental 
times associated with these experiments. UWNMR using microcoils can be approached in 
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several ways, including probehead modifications, or insertion of specially constructed 
microcoils into standard rotors and probes.[12'13'22'231 
In situations where microcoils cannot be implemented or where larger sample sizes 
are desirable, spin-echoes created with specialized adiabatic pulse sequences are a promising 
alternative.[24] In such experiments, the frequency of the rf field is swept across the powder 
pattern at a constant rate, and spins are excited as the frequency matches their precessional 
frequencies.[25,26] The advantage of this approach is that rf fields only need to be large enough 
to ensure that the adiabatic condition is met,[27] and the excitation bandwidth and pulse 
lengths are independent. Recently, Bhattachayya and Frydman used adiabatic WURST 
pulses[28'29] to acquire a 35C1NMR spectrum that is ca. 150 kHz in breadth without the need 
for frequency-stepping or field-sweeping.t30] Therein, they demonstrated that an order of 
magnitude increase in S/N can be achieved using a WURST-echo sequence compared to a 
low power square-pulse spin-echo sequence. 
The quadrupolar Carr-Purcell-Meiboom-Gill (QCPMG) pulse sequence,13133] which 
is capable of enhancing S/N by an order of magnitude or greater in comparison to standard 
spin-echo acquisitions, can be used to further improve S/N when used in tandem with the 
aforementioned methods. The QCPMG pulse sequence has been combined with frequency-
stepping to enhance S/N in UWNMR spectra of quadrupolar nuclei such as 25Mg,[34'35] 
63/65Cu[36] 9iZr[37] 67^18^4] a n d 27A1 p] R e c e n t i V j o u r g ^ p has designed a modified version 
of Frydman's WURST-echo sequence, in which a train of QCPMG-style refocusing pulses 
is used to provide further signal enhancement; a full description of this work can be found 
elsewhere.[38] 
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Herein, we will compare the use of microcoils and WURST pulse sequences to 
conventional methods for the acquisition of NMR spectra. First, three different experiments 
(square rf pulses on a standard probe with frequency-stepping, square rf pulses using a 
microcoil probehead and WURST pulses on a standard probe) are conducted on systems 
containing half-integer quadrupolar nuclei, 87Rb (/ = 3/2) and 71Ga (/ = 3/2), and are 
quantitatively compared in terms of signal gain. Then, variations in excitation bandwidth 
and uniformity with variable rf amplitudes are explored. Finally, the application of 
microcoils in acquiring an UWNMR spectrum of a low gamma nucleus, 91Zr(/ = 5/2), and 
a spectrum of a nucleus consisting of both central and satellite transitions, 59Co (/= 7/2), are 
examined. 
6.2 Experimental 
Rubidium perchlorate (RbC104) was prepared following literature procedures.
[39] 
Gallium phthalocyanine chloride (GaPcCl), sodium zirconate (NajZrC^) and cobalt(m) 
acetylacetonate (Co(acac)3) were purchased from Sigma Aldrich and used without further 
purification. Samples were packed into zirconia rotors or Teflon tubes for the 4.0 mm coil 
experiments and glass capillaries for the microcoil experiments. 
Solid-state NMR experiments were performed on a Varian Infinity Plus NMR 
spectrometer with an Oxford 9.4 T (v0(
1H) = 400 MHz) wide-bore magnet operating at 
v0(
87Rb) = 130.79 MHz, v0(
71Ga) = 121.85 MHz, v0(
91Zr) = 37.16 MHz and v0(
59Co) = 93.81 
MHz using a 4.0 mm HXY MAS probe for standard echo, QCPMG and WURST 
experiments and a 5.0 mm HX static probe with a custom probehead for microcoil 
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experiments. A 20 turn solenoid microcoil was hand-wound onto a glass capillary using 
insulated copper wire (gauge 0.15 mm) with an inner diameter (i.d.) and length of 1.6 and 
7.0 mm, respectively. The microcoils were mounted onto a Teflon platform and attached to 
the 5 mm HX static probe. Microcoils have previously been loosely defined as coils with 
i.d.'s of 1.0 mm or less;[13] however, we use coils with an i.d. of ca. 1.6 mm, since 1.0 mm 
coils and the associated smaller sample sizes would severely impede thorough testing of 
pulse sequences and related parameters, variation of rf amplitudes, etc. For instance, 71Ga 
QCPMG NMR experiments conducted on a GaPcCl sample of ca. 2.8 mg using a 1.0 mm 
microcoil required 21.9 hours to achieve reasonable S/N (see Figure B.6.1 of Appendix B). 
Spin-echo and QCPMG experiments implemented full echo acquisitions, and spectra were 
magnitude processed after Fourier transformation. For the spin-echo and QCPMG 
sequences, a 16 step phase cycling was used,[33] and for the WURST-echo and WURST-
QCPMG sequences an 8 step phase cycle was employed.[30] 
For a list of experimental parameters, including pulse widths, rf fields, recycle delays, 
etc., refer to Table A.6.1 in the supporting information. A more detailed listing of parameters 
used for the WURST pulse experiments is given in reference [38]. 
6.3 Results and Discussion 
6.3.1 Efficiency Gain Using Microcoils or WURST Pulses 
This section will focus on comparing signal enhancements from spin-echo and 
QCPMG experiments with a microcoil to those from WURST-echo[30] and WURST-
QCPMG[38] experiments with a 4.0 mm coil. Standard spin-echo and QCPMG experiments 
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with a 4.0 mm coil are used for quantification. The cases of a wideline 87Rb NMR spectrum 
of rubidium perchlorate (RbC104) and the
 71Ga UWNMR spectrum of gallium 
phthalocyanine chloride (GaPcCl) are considered. To quantify the relative efficiency of each 
experiment, the efficiency factor is calculated, which is the integrated spectral intensity per 
number of scans, per unit sample mass. The calculated values are normalized such that the 
efficiency factor of the spin-echo spectrum with the 4.0 mm coil, herein referred to as the 
standard spectrum, is arbitrarily set to 1.0 (Table 6.1). 
Table 6.1: Experimental efficiency comparisons for acquiring RbC104 and GaPcCl NMR 
spectra. 
Method 
Integrated Sample Efficiency Normalized 
Experiment T ~"~


















































































w Sensitivity is calculated by calculating the integrated intensity per scan per unit mass. [bl Integrated 
intensities for the QCPMG experiments were calculated using the echo-added QCPMG spectrum. (cl Total 
number of scans from two spectra, one from each sweeping direction. [dl Total number of scans from three sub-
spectra. 
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87Rb NMR Experiments. 87Rb 90-90 echo and 90-180 echo experiments were 
performed on a sample of RbC104 using a 4.0 mm coil (Figure 6.1a). The 90-180 echo 
spectrum most closely matches the simulated spectrum, with CQ = 3.4( 1) MHz, T|Q = 0.19(2), 
5jso = 15(1) ppm, Q = 16(2) ppm, K = 0.9(1) and P = 35(5)°, and is in good agreement with 
previously reported data;[33'40] therefore, this spectrum is considered as the standard spectrum. 
Using the QCPMG experiment, the efficiency factor increases to ca. 21 (Table 6.1) which 
is comparable to previously reported QCPMG enhancements.[39] 
Microcoil spin-echo and QCPMG spectra are shown in Figure 6.1b. The efficiency 
factor of the microcoil echo experiment is an order of magnitude larger than the standard 90-
180 echo experiment (Table 6.1) and is over 50 for the microcoil QCPMG experiment. The 
WURST experiments are also found to increase the efficiency factor when compared to the 
standard spectrum, albeit to a much lesser extent than the microcoil. The efficiency factors 
for the WURST-echo and WURST-QCPMG experiments (Figure 6.1c) are 1.3 and 12, 
respectively. The ratios of efficiency factors for QCPMG to 90-180 echo experiments (21) 
and WURST-QCPMG to WURST-echo experiments (9.2) clearly indicate that CPMG-type 
acquisitions are less effective in the latter case. This is due to the much longer pulse lengths 
in the WURST-QCPMG sequence which prohibit the acquisition of as many echoes as 
typical QCPMG experiments (longer pulses are required for the WURST pulses to retain 
their adiabaticity). However, the WURST-QCPMG experiment produces a smoother and 
more accurate spikelet manifold than the other QCPMG experiments. 
71Ga NMR Experiments. In this section, we investigate the efficiency factors of two 
distinct methods for acquiring UWNMR spectra: (i) 71Ga NMR with a microcoil, 
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Figure 6.1: Static 87Rb NMR spectra at 9.4 T of RbC104 acquired using: (a) a 4.0 mm coil 
(v, = 119 kHz) with the (i) 90-180 echo, (ii) 90-90 echo, and (iii) QCPMG pulse 
sequences, (b) a 1.6 mm coil (Vj = 81 kHz) with the (i) 90-180 echo, and (ii) QCPMG 
pulse sequences; (c) a 4.0 mm coil with the (i) WURST-echo (vexc = 3.0 kHz) and (ii) 
WURST-QCPMG (vexc = 3.4 kHz) pulse sequences. Traces above the QCPMG spectra 
are echo co-added spectra generated by adding together all echoes from the QCPMG echo 
train. Inset at the top is the simulated spectrum. 
implementing spin-echo sequences with short, high amplitude rf fields, and (ii) 71Ga NMR 
with a standards mm probe, using the WURST pulse sequence, with long, low amplitude 
rf pulses. 71Ga is a relatively receptive nucleus, despite its moderate nuclear quadrupole 
moment and broad central-transition (CT) powder patterns, making it a good choice for 
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Figure 6.2: Static 71Ga NMR spectra of GaPcCl acquired at 9.4 T using (a) a 4.0 mm coil 
with the (i) 90-180 echo and (ii) QCPMG pulse sequences using the frequency-stepped 
method; (b) a 1.6 mm microcoil with the (i) 90-180, (ii) 90-90 echo and (iii) QCPMG 
pulse sequences; and (c) a 4.0 mm coil with (i) WURST-echo and (ii) WURST-QCPMG 
pulse sequences. Spectra above the QCPMG spectra are echo co-added spectra generated 
by adding together all echoes from the QCPMG echo train. Inset: analytical simulation 
based on spectra acquired at multiple magnetic fields. 
500 kHz in breadth at 9.4 T, is a good test case, as it would typically be acquired using 
piecewise frequency-stepped UWNMR. 
First, 71Ga UWNMR spectra were acquired using the frequency-stepped method[5,6] 
with a 4.0 mm coil and employing 90-180 echo and QCPMG pulse sequences (Figure 6.2a). 
Analytical simulations of the spectra at 9.4 T yield CQ = 21.2(2) MHz, riQ = 0.05(2), Q = 
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150(50) ppm, K = 0.8(2), 8iso = 120(40) ppm and Euler angles of a = 50(5)°, p = 15(2)° and 
y = 10(10)°. The presence of gallium chemical shielding anisotropy was confirmed by 
acquiring a 71Ga NMR spectrum at 21.1 T (Figure B.6.2). For the frequency-stepped 
experiments, the sum total of scans from all sub-experiments is used to calculate the 
efficiency factors. The 90-180 echo spectrum is designated as the standard spectrum and the 
efficiency factor is set to 1.0. The efficiency factor for the frequency-stepped spectrum is 
ca. 11 when employing the QCPMG sequence. 
Spin-echo and QCPMG NMR spectra acquired with the microcoil are shown in 
Figure 6.2b. The use of a microcoil resulted in an increase of the efficiency factor by 5.1 for 
the 90-90 echo experiment and 65 for the QCPMG experiment. The dramatic increase in 
efficiency factors for the microcoil experiments is mainly due to the increased if fields which 
allow for the acquisition of the full pattern in a single experiment, thereby eliminating the 
need for frequency-stepping. The WURST-echo and WURST-QCPMG 71Ga NMR spectra 
are shown in Figure 6.2c. A significant improvement in efficiency is achieved using the 
WURST pulses, approximately doubling the efficiency factor for both the echo and QCPMG 
experiments with the 4.0 mm coil. As in the case of the 87Rb NMR experiments, the 
QCPMG experiment produces a greater signal enhancement for the microcoil than for the 
WURST experiment. 
6.3.2 The Effects of High rf Field Strengths on NMR Powder Patterns using Microcoils 
For uniform excitation across the CT powder pattern of a quadrupolar nucleus, one 
must consider the frequency-dependent nutations that may cause spectral distortions.141'421 
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To quantify the discrepancies between a microcoil spectrum and a standard spectrum, a 
difference spectrum is generated by normalizing the two spectra and subtracting the 
microcoil spectrum from the standard spectrum. The integrated intensity of this difference 
spectrum (An) is used as a quantitative measure of how well the spectrum matches the 
standard spectrum (i.e., An = 0 for a perfect match or an "ideal spectral shape"). For
 87Rb, 
the 90-180 echo spectrum, designated above as the standard spectrum, is used for calculating 
Au. The standard spectrum was acquired with a 4.0 mm coil utilizing an rf field strength of 
119 kHz (see Figure B.6.3 of Appendix B). For 71Ga NMR experiments using a 4.0 mm coil, 
V! = 152 kHz is attainable using 300 W of power, which allows for the uniform excitation 
of a bandwidth of ca. 200 kHz (based on the width at half height of the central sub-spectrum, 
Figure B.6.4). Since the 71Ga CT powder pattern could not be acquired in a single 
experiment, the frequency-stepped method was employed. Three 71Ga 90-180 echo sub-
spectra were acquired and co-added to produce the final powder pattern, which is used as the 
standard spectrum for calculating An. 
87Rb NMR Experiments. 87Rb spin-echo microcoil experiments were conducted 
using rf powers ranging from 5 to 163 kHz and CT selective 90° pulses (Figure 6.3). When 
employing the 90-180 echo pulse sequence with 5 kHz rf power (x^2
 = 25.0 jLis), slight 
distortions on the lower frequency side of the spectrum are observed (Figure 6.3a), and a A„ 
value of 0.21 is obtained (Table 6.2). As V! is increased to 35 kHz ( t ^ = 3.57 |ns), the signal 
intensity gradually decreases, but the spectral differences are reduced (An is between 0.10 and 
0.13). For much higher v, values, the signal intensity drops (e.g., by 15% at 163 kHz, x^ = 
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Figure 6.3: 87Rb NMR spectra at 9.4 T of RbC104 using the 1.6 mm microcoil acquired 
with the (a) 90-180 echo, (b) 90-90 echo and (c) QCPMG pulse sequences. Traces above 
each QCPMG spectra in (c) are the QCPMG echo co-added spectra. Values on the left of 
each spectrum are the rf powers used when acquiring the spectrum. 
0.77 |is); however, the powder patterns more closely resemble the standard spectrum, with 
An at ca. zero. For spectra acquired using the 90-90 echo sequence (Figure 6.3b), Au ranges 
between 0.11 and 0.15, and the spectral shape appears to be unaffected by the rf strength; 
however, a gradual decrease in intensity is again observed when increasing the rf power (e.g., 
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Table 6.2: Quantitative comparisons (An) of the
 87Rb and 71Ga NMR powder patterns to the 
standard spectra at different rf field strengths. 
rf field (kHz) An



































150 0.06 0.17 0.49 
278 - - 0.20 
350 - - 0.17 
431 - - 0.31 
500 - - 0.29 
600 - - 032 
w See text for definition. 
by 15% at 163 kHz). Taking into account both the intensity and spectral shape, the best echo 
spectrum acquired using the microcoil was with the 90-180 sequence using an rf field 
strength of 81 kHz. 
Similar microcoil experiments were performed with the QCPMG pulse sequence. 
In order to quantitatively compare the microcoil QCPMG powder patterns using the 
procedure outlined above, echo spectra were generated by co-adding the individual echoes 
prior to Fourier transformation. At powers between 5 and 35 kHz, the central discontinuity 
is high in intensity and the right discontinuity does not have the correct shape in comparison 
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to the standard spectrum (Figure 6.3c). At higher powers (81 and 163 kHz), the powder 
patterns more closely resemble the standard spectrum; however, the signal intensity of the 
spectrum is decreased (e.g., by 76% with v, = 163 kHz). 
71Ga NMR Experiments. Using an rf field strength of 278 kHz with the microcoil, 
uniform excitation of the 71Ga UWNMR spectrum is obtained with both the 90-180 and 90-
90 echo sequences (Figure 6.2b(i) and (ii)). The overall pattern shapes are in excellent 
agreement with the standard spectrum (A„ = 0.17 and 0.06 for the 90-180 and 90-90 spectra, 
respectively), despite the right discontinuity being slightly lower in intensity in both spectra. 
The microcoil QCPMG NMR spectra were acquired in ca. 2.5 hours; therefore, the effects 
of the rf field strength on the powder pattern shape were examined using this sequence 
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Figure 6.4: Static 71Ga NMR QCPMG spectra at 9.4 T of GaPcCl acquired using 
various rf field strengths using a 1.6 mm coil. 
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150 or 280 kHz (Table 6.2), likely because of non-uniform excitation which decreases in 
intensity outwards from the centre of the pattern at the transmitter frequency. The powder 
pattern obtained using an rf field of 350 kHz closely resembles that obtained with the 
frequency-stepped method (there is only a slight distortion at the centre of the pattern, An = 
0.17), signifying that this is an optimal power for excitation. Upon increasing the rf strength 
above 430 kHz, the powder pattern becomes distorted at the high frequency discontinuity (An 
> 0.29) and the signal intensity decreases by 57% compared to the standard spectrum. 
Numerical simulations of these patterns (Figure B.6.5) reveal good agreement with 
experiment at moderate values of v,; however, the disagreement between experiment and 
theory at high rf powers (i.e., ^500 kHz) suggests that a homogeneous Bj field is not being 
produced by the microcoil in this limit. 
6.3.3 Further UWNMR Applications of Microcoils - Low-y Nuclei and Satellite 
Transitions 
91Zr NMR of Na2Zr03. To compare the use of frequency-stepped and microcoil 
UWNMR experiments on a more unreceptive nucleus, 91Zr NMR experiments were 
performed on sodium zirconate (Na2Zr03).
 91Zr has a low gyromagnetic ratio (y= -2.498 
x 107 rad T"1 s"1) and low natural abundance (11%). A major issue for NMR of low gamma 
nuclei is that much higher rf fields are required to produce typical nutation frequencies. For 
example, with a 4.0 mm coil using 600 W of power, an rf field strength ca. I l l kHz is 
possible, which corresponds to an excitation bandwidth of ca. 180 kHz measured at 
approximately half height of the sub-spectrum (Figure B.6.6). The entire spectrum has a 
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Figure 6.5: 91Zr NMR QCPMG spectra of Na2Zr03 at 9.4 T acquired using (a) a 4.0 
mm coil with the frequency-stepped method and (b) a microcoil. The top trace is an 
analytical simulation of (a). 
breadth of ca. 215 kHz and was acquired by collecting 8 sub-spectra in ca. 4 hours. The 
spectrum (Figure 6.5a) has a single low-resolution second-order pattern corresponding to one 
Zr site and is simulated with CQ = 14.5(5) MHz, r|Q = 0.24(6) and 8iso = 300(100), in 
agreement with previously reported data.[43] 
With the microcoil, an rf field of v, = 220 kHz was achieved using 700 W of power. 
The entire spectrum could be uniformly excited at this power level and was acquired in ca. 
15 hours (Figure 6.5b). The low frequency discontinuity is low in intensity compared to the 
frequency-stepped spectrum, which likely arises from an inhomogeneous B, field at this rf 
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field strength as observed with the 71Ga UWNMR microcoil experiments (Figure B.6.7). For 
powder patterns with breadths greater than 300 kHz, it may not be possible to acquire the 
spectra with one experiment using the 1.6 mm coil. The frequency-stepped method could 
be used, but since long experimental times would be needed for each sub-spectrum there is 
no advantage over using a regular sized coil (unless the sample size was limited). In order 
to achieve a larger power for excitation, a smaller coil diameter could be employed, though 
this would reduce the sample volume and further elongate the experimental time. This data 
suggests that microcoils would only be useful for acquisition of UWNMR spectra of 
unreceptive nuclei in instances where the amount of sample is limited or when the 
experiments could be run at very high fields (e.g., 21.1 T). 
59Co NMR of Co(acac)3. The CT is often the only transition observed in solid-state 
NMR experiments on half-integer quadrupoles, since the satellite-transitions (STs) are 
normally broadened beyond detection. Hence, we performed 59Co UWNMR experiments on 
cobalt(m) acetylacetonate (Co(acac)3) using a microcoil to acquire spectra consisting of both 
CTs and STs. There have been numerous reports of MAS NMR experiments for the 
acquisition of ST NMR spectra.[44-47] However, for much broader spectra associated with 
larger values of CQ, these methods are hindered by limited excitation bandwidths and 
difficulties associated with accurately setting the magic angle. Co(acac)3 was chosen as a test 
sample since the breadth of the powder pattern, including the first STs (±1/2 « ±3/2), is ca. 
500 kHz.[48] Using an rf power of 446 kHz, the CT and inner STs are excited (Figure 6.6). 
Despite the observation of FM radio interference in the high frequency region, the general 
shape and size of the powder pattern agree well with the simulation/481 and the discontinuities 
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of the inner STs are well resolved. It is possible that the entire set of ST patterns could be 
observed with a frequency-stepped microcoil experiment, though this would be very time 
consuming. 
i — | — i — i — i — | — i — i — i — | — i — i — i — | — i — i — i — | — i — i — i — | — i — i — i — | — i — i — r 
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Figure 6.6: 59Co NMR spectra at 9.4 T acquired using a microcoil and a rf power of 
446 kHz. Top trace is an analytical simulation using NMR parameters from reference 
[48]. * denotes FM radio signal interference. 
6.4 Summary and Conclusions 
The application of either microcoils or WURST pulses for acquiring CT NMR 
spectra of quadrupolar nuclei can significantly improve the efficiency of acquiring narrow 
and UW powder patterns. The efficiency factor increased by an order of magnitude with the 
spin-echo microcoil experiments and further more with the QCPMG sequence, compared to 
the spin-echo experiments with a 4.0 mm coil. The efficiency also improved when using 
WURST pulses, but the gain was not as large as that obtained when using a microcoil. 
Nonetheless, the efficiency increased by approximately an order of magnitude for both the 
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87Rb wideline and 71Ga ultra-wideline spectra with the WURST-QCPMG experiment. 
The powder patterns of both narrow and UW spectra are highly sensitive to the rf 
field strength when using spin-echo or QCPMG sequences. Relatively strong rf fields should 
be employed for narrow patterns in order to obtain an accurate spectrum, most notably with 
the QCPMG sequence. In contrast, extremely strong or weak rf fields are not appropriate for 
UW patterns since these powers were found to distort the spectrum. Therefore, careful 
selection of the rf field strength employed must be made. In cases for UW patterns where 
high powers are not attainable, WURST experiments are suitable since much lower rf fields 
are used (see references [30] and [38]). 
The advantages of QCPMG microcoil experiments is less significant for unreceptive 
nuclei. To acquire UWNMR spectra in one experiment, small coils must be used to attain 
large rf fields strengths. However, when using a smaller coil, the sample size also decreases 
and the trade off between sample size and experimental time is not favourable. Therefore, 
the frequency-stepped experiment using a much larger coil is better for unreceptive nuclei, 
provided that the sample mass is not limited. 
For broad patterns, the application of microcoils for the acquisition of patterns 
containing both central and satellite transitions can be more can be more advantageous 
compared to other methods. The experimental setup is not as stringent as the MAS NMR 
experiments and much broader regions can be uniformly excited. 
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Chapter 7 
Future Research Directions 
Ultra-wideline NMR spectroscopy, in combination with first principles calculations 
and X-ray crystallography, have shown to be extremely useful in examining local atomic 
environments in systems that were once believed to be undetectable. The fundamental 
relationships between the NMR data and molecular/electronic structure obtained from 
studying simple compounds can be used to examine more complicated chemical and 
biological systems. 
In Chapter 3, 27A1 UWNMR spectroscopy provided insight into the connection 
between the aluminum environments of three and five-coordinated aluminum compounds 
with the 27A1 quadrupole coupling constants (CQ). This data, along with the collection of 
CQ(
27A1) values and chemical shift ranges of 3,4,5 and 6-coordinate aluminum environments 
in the literature, can be used to identify and differentiate aluminum sites in more complicated 
systems. For instance, methylaluminoxanes (MAO) are important co-catalysts in a number 
of polymerization reactions.[M] They are believed to consist of linear, ring and cage 
fragments, but a definitive structural determination in the solid state has not been made.[1'5'6] 
By determining the structure of MAO, greater insight into its involvement in the catalytic 
process can be gained. Based on theoretical calculations on some of the proposed structures, 
the CQ(
27A1) values can be as large as 24.5 MHz.[7] Our initial 27A1 solid-state NMR 
experiments on MAO at 9.4 T, using a spin-echo sequence with a standard 4.0 mm i.d. coil, 
could not elucidate any meaningful information about the aluminum environments (Figure 
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150 100 50 0 -50 -100 -150 kHz 
Figure 7.1: 27A1 solid-state NMR spectra of MAO at 9.4 T. Top and bottom 
spectra were acquired using a non-spinning and rotated sample at 10.0 kHz, 
respectively. 
7.1). Bryant et al. have attempted to examine MAO at a higher magnetic field (19.6 T) and 
a much faster spinning speed (vrot = 35 kHz), but the various aluminum sites still could not 
be resolved.173 Currently there are commercially available ultra-fast MAS probes with coil 
sizes of ca. 1.3 mm or less which are capable of spinning samples up to speeds of ca. 70 kHz. 
Assuming that the site with the largest quadrupole interaction has CQ and r\Q values of 24 
MHz and 0.75,[7] respectively, the breadth size of the powder pattern would be ca. 130 kHz 
at 21.1 T. Rotating the sample at 50 kHz would be sufficient enough to produce a high-
resolution spectrum (Figure 7.2). Since MAO may have numerous aluminum environments, 
the second-order line shapes can still complicate the MAS spectrum making it difficult to 
resolve the crystallographically distinct sites. 
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Figure 7.2: Numerically simulated 27A1 NMR spectra of [(MeAl)(OMe)]6 at 
various spinning speeds using EFG parameters calculated in reference [7]. 
High resolution NMR spectra of quadrupolar nuclei can be achieved in a number of 
ways. Dynamic angle spinning (DAS)[8] and double rotation (DOR)[9] experiments are used 
to acquire high resolution spectra but require specialized probes. Pulse sequences such as 
multiple quantum MAS (MQMAS)[10] or satellite-transition MAS (STMAS)[1 U2] experiments 
can be used and have found more widespread use in comparison to DAS and DOR, since 
they can be implemented with standard MAS probes. MQMAS is most often utilized 
because it is not as dependent upon the magic angle setting and spinning speed stability as 
with the STMAS experiment. The MQMAS experiment correlates the CT with a symmetric 
MQ transition^101 A 2D spectrum is acquired where an indirectly detected isotropic 
spectrum, which is not influenced by second-order broadening, is correlated with a directly 







. » -*> •« • » •*> -W >vvJ V ^/V 
ftt^ucj m i a 1M MOM 
87T Figure 7.3: Rb MQMAS spectrum of a microcrystalline RbN03 sample. The indirect 
dimension (vertical axis) shows the separation of sites based on isotropic shifts and their 
corresponding line shapes when influenced by second-order quadrupolar interactions. 
The projected spectrum in the direct dimension represents a standard MAS experiment. 
Figure reprinted with permission from reference [13]. 
the atomic environments, and projections of the direct dimension provide distinct second-
order patterns from which the quadrupolar parameters can be extracted (Figure 7.3).[13] 
The success of the MQMAS experiment is dependent upon the efficiency of both the 
MQ excitation and the MQ-single quantum (SQ) conversion pulses. For large quadrupolar 
interactions, it is difficult to excite the MQ coherence and convert it back to SQ unless a 
sufficient amount of rf power is applied.[7] Since ultra-fast MAS probes use coils with inner 
diameters close to the microcoil regime, these high powers are attainable and may improve 
the efficiency of the MQMAS experiment (Chapter 6). 23Na triple quantum (3Q) MAS 
microcoil experiments have recently been explored by Inukai and Takeda.[I4] They have 
shown that larger rf field strengths improve the excitation/conversion efficiency significantly. 
Since much stronger rf fields can be obtained, it may be possible to also perform 27A1 
5QMAS NMR experiments on MAO. The advantage of doing 5Q experiments is that the 
resolution of the spectrum increases for higher-order MQ transitions (e.g. 3Q < 5Q < 7Q < 
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9Q).[15'16] Very-fast spinning, microcoil 27A1 MQMAS NMR experiments would likely be 
extremely useful for obtaining high-resolution spectra of MAO. 
We have demonstrated that 65/63Cu solid-state NMR spectroscopy is crucial for 
structurally characterizing copper(I) systems (Chapter 4), due to the high sensitivity of copper 
EFG tensors to changes in molecular structure. Our initial study of spherically asymmetric 
environments, additional forthcoming work from our group on low-coordinate copper 
species, and the abundant literature on four-coordinate and ionic copper environments, 
should collectively encourage future studies on numerous copper(I) materials and biological 
systems. 
An interesting class of microporous materials are copper exchanged zeolites, which 
are important in many catalytic applications.tl7"20] It is believed that the Cu+ cations are the 
primary sites for numerous catalytic reactions including the reduction of NOx to N2 and 
Q^ [21,22] There a r e v a r i o u s techniques, including X-ray diffraction, IR and UV/Vis 
spectroscopy, that are used to characterize the zeolite framework after ion exchange and the 
adsorption of molecules onto the copper sites, but do not provide information about the 
copper coordination environments. X-ray absorption spectroscopy is utilized to determine 
the local coordination environments of copper atoms in the zeolite framework, but this 
method is not routinely practised because of the specialized equipment that is needed to 
perform the experiment.123'241 Solid-state NMR spectroscopy can be a more straight forward 
method to examine the copper coordination environment of ion exchanged zeolites. Only 
one study to date reported the use of solid-state 65Cu NMR on copper exchanged zeolites; 
however, NMR data could only confirm the presence of Cu(I) cations.[25] Although it is 
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possible to obtain an NMR signal of the Cu(I) sites, second-order NMR powder patterns, 
from which important NMR parameters could be extracted, were not acquired. Therefore, 
ultra-wideline 65Cu NMR can be used to directly determine the coordination environment of 
the copper sites before, during and after the catalytic process. There are many experimental 
and theoretical studies that investigate the possible locations and coordination numbers of 
the Cu+ ion in the zeolite framework and how the copper sites interact with guest molecules 
(e.g., NO, CO and 02).
[I8'26"29] Solid-state copper NMR would be an excellent probe in this 
regard, since the changes in coordination and geometry of the metal environment can be 
detected, quantified and characterized. For instance, studies on Cu+-ZSM-5 ion-exchanged 
zeolites have focussed on the reaction between the Cu+ site and CO (CO is known to be an 
important reactant in many catalytic reactions involving Cu+-ZSM-5).[18'26'3033] The Cu+ 
cation can be positioned in six different areas within the zeolite framework and can have 
two-, three- or four-coordinate environments.1341 Based on our preliminary data of copper 
complexes, the CQ is anticipated to be fairly large, but distinction between the different 
coordination environments could be made. In addition, it is not completely clear as to how 
the CO molecule interacts with the Cu+ ion. Solid-state copper NMR and ab initio 
calculations could be used to examine how the copper EFG tensor changes before and after 
adsorption of CO, and may provide insight into the nature of the catalytic process. 
The sensitivity of NMR tensors to changes in the molecular and electronic structures 
was also evident in the study of the [Pt(tfd)2]
z redox series (Chapter 5). NMR spectroscopy 
and theoretical calculations revealed that changes in the electronic configuration, without 












I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
0 -1000 -2000 -3000 -4000 -5000 ppm 
~r ~r ~r -100 200 -300 -400 -500 kHz a,, _i_ to the page 
Figure 7.4: (a) Numerically simulated 195Pt NMR spectra and (b) platinum CS tensor 
orientations based on VWN+BP/TZP-Pt(4d) calculations. 
tensor. Hence, it is proposed that 195Pt solid-state NMR will be extremely useful in 
examining the interaction of [Pt(tfd)2]° with olefins and provide insight into the use of these 
systems in olefin separation and purification processes.1351 From previous studies of 
[M(tfd)2]
z (M = Ni, Pd, Pt) species, it is believed that olefin preferentially bind to the sulfur 
atoms rather than the metal centres.136'371 Preliminary calculations of an optimized [Pt(tfd)2]-
C2H4 structure (see Figure 7.4) were performed to examine the effects of the bound ethene 
on the 195Pt CS tensor. The span (Q) and skew (K) were calculated to be 3441 ppm and 
-0.63, respectively, corresponding to a powder pattern that is ca. 300 kHz in breadth at 9.4 
T (Figure 7.4a), which is significantly different than those determined for [Pt(tfd)2] and 
[Pt(tfd)2]
2" (Table 7.1). The platinum CS tensor is oriented such that o u is directed 
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Table 7.1: Platinum CS tensor calculations of [Pt(tfd)2]
2" and [Pt(tfd)2]-C2H4. 
Method Rn«i«i <Jpt " 22 33 iso ^ K-M 
ivietnoa Basis set ( p p m ) [ a ] ( p p m ) [ a ] ( p p m ) [ a l ^ ^ m ( p p m ) M K 
[Pt(tfd)2] 
( ^ O kHz) -1382(40) -3302(80) -7285(43) -3990(10) 5903(75) 0.35(4) 
VWN+BP TZP-Pt(4d) -2078.14 -2612.86 -6365.67 -3685.56 4285.99 0.75 
VWN+BP 
(ZORA) Q Z 4 P -528.63 -2413.94 -7388.49 -3443.69 6846.84 0.45 
[Pt(tfd)2] 
2-
(l^O kHz) -1446(12) -4365(15) -5211(30) -3674(8) 3764(85) -0.55(2) 
VWN+BP TZP-Pt(4d) -699.75 -3284.32 -4511.66 -2831.91 3810.53 -0.36 
VWN+BP 
( Z O R A T
 Q Z 4 P H57.22 -1431.74 -2684.49 -986.30 3834.42 -0.35 
[Pt(tfd)]2-C2H4 
VWN+BP TZP-Pt(4d) -1101.07 -3908.81 -4543.42 -3184.43 3441.11 -0.63 
VWN+BP 
(ZORA) Q Z 4 P -2306.03 -3979.45 -4331.32 -3538.93 2021.45 -0.65 
[,] Chemical shifts are converted from chemical shielding (a) using the formula 5 = (aref - a)/(l - are£) where 
aref is the absolute shielding of the reference molecule PtCl6
2"; [b] 5iso = (8„ + 522 + 533)/3;
 w Q = 5,, - 533.
 [dI 
K = 3(522-5iso)/Q. 
perpendicular to the PtS4 plane (Figure 7.4b). This reveals that the electronic configuration 
is similar to [Pt(tfd)2]
2~ and that most of the electron density is located on the tfd ligands. To 
completely understand the influence of ethene on the platinum CS tensor, MO analysis is 
under way to examine the changes in the electronic configuration. The combination of NMR 
spectroscopy and theoretical studies provide an excellent method to examine the interaction 
between metal bisdithiolenes and olefins. 
The applications of UWNMR spectroscopy discussed in this thesis represent only a 
small fraction of the many possible ways in which it can be used for structural 
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characterization of advanced materials. There are many systems in biology, chemistry and 
material science where UWNMR spectroscopy can aid in understanding molecular structure 
and function in different processes. Continuing advances in sensitivity-enhancing pulse 
sequences, methodologies andNMR hardware, along with the increasing availability of high 
magnetic fields (> 18.8 T) and enormous strides in computational chemistry software and 
computing power, should ensure that UWNMR spectroscopy will play an important role in 
characterizing materials at the atomic and molecular level. 
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Appendix A - Supplementary Tables 
Table A.3.1: Selected aluminum chemical shift tensor calculations for AlMes3, 

























































































































































































osampie. where aref is 
[a] Absolute chemical shieldings are converted to chemical shifts using the formula oref 
the absolute chemical shielding of the hexacoordinate A1(H20)6
3+ cation (5iso = 0.0 ppm);
(b) isotropic shift, 
ho = (5n + S22 + 533)/3;
 [c] span of the CS tensor, D. = 5,, - 633;
 [d] skew of the CS tensor, K = 3(522 - 5iso)/£l 
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w All data collected at 24 °C with Mo Ka radiation (k = 0.71069 A);


































































































































































































































































































































































































































































































































































































































































!~ p rn 
en 















_ i i^i SO 
2 ""> OS 
? ~ SO 
o 







































































































































































































«= oo r, „ i; „ 






























































































































































































































































































































































• — ' 

























^ O O U f f i f f i O f f i f f i U f f i f f i O f f i f f i K O f f i E K U f f i t C U O 


































































































































































































































































Table A.3.7: Predicted Vu, V22, V33i CQ and TIQ values of AlMes3 and A1(NTMS2)3 by 
varying the atomic distances. 





















































































































Note: Calculations are based on results given by B3LYP/6-311G** calculations. 
ta) Crystallographic Al-C and Al-N bond lengths are 1.95 and 1.82 A, respectively. 
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Table A.3.8: Effects on Mulliken charges by changing bond lengths of the first 






























































































































[a] SCF Energy is converted from Hartrees to kJ mol"1 by multiplying by a factor of 2625.50010130718 kJ; 
[b] crystallographic values are in bold. 
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Table A.3.9a: Gross orbital populations from full Mulliken population analysis using 



















































































































Table A.3.9b: Mulliken analysis of individual contributions to gross population from 
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Table A.3.10: Comparison of molecular orbital energies and qualitative descriptions of 














































aromatic bonding n systems 
aromatic bonding it systems 
aromatic bonding 7t systems 
aromatic bonding n systems 
aromatic bonding n systems 
aromatic bonding 7t systems 
large empty non-bonding pz orbital 
aromatic anti-bonding n systems, etc. 107-111 
A1(NTMS2)3 
N 71 system, similar to HOMO, but asymmetric 
N 7t system, similar to HOMO, but asymmetric 
N 7t system isoval 0.02 to show the overlap with Al, 0.05 to 
show the individual twisted AOs on N 
Al s orbital, a-anti-bonding (notice the s density on N) 
Al pz orbital, Jt-anti-bonding, little bit higher in energy because 
of the 7:-bonds formed by donation from the N/> orbitals. 
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Table A.3.11: Calculated SCF energies for aluminum complexes. 
SCF Energy (Hartrees) 







































































































































































































































































































































































































































































































































































































































Table A.4.5: Selected bond lengths and angles for the copper(I) compounds 
Cu-P/C Cu-A" 
(A) (A) 
Z(A-Cu-P)" Z(A-Cu-A) Z(N/0-Cu-C/P) Z(Cu-N-C) Ref 












































































































































W A = CpMn, O, N, CI, Br and I. 
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Table A.4.6: Theoretical EFG calculations of [(PhCN)4Cu][BF4]. 
























































































































































































w Basis sets in bold indicate calculations using the all electron basis set of Hazunaga (14s8p5d); [b] V„ are 
the principal components of the EFG tensor, where | K331 2: | V221 z \ Vt, |;
 tc] calculated CQ is converted from 
atomic units into Hz by multiplying F33 by (eQ/h)(9.7\77 x 10
2' V m"2), where Q{ 65Cu) = 0.220 x 10"28 m2, 
Q( 65Cu) = 0.204 x 10"28 m2 and e = 1.602 x 10"19 C; [d] the signs from G03 are being reported even though 
they are opposite based on the conventions mentioned in the text; w CQ values without a + or - sign 
indicates absolute values are reported. 
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Table A.4.7: G03 EFG calculations of Cp'CuPR3 (Cp' = Cp, Cp
1, Cp*; R = Et, Ph) 
complexes. 
Method Basis Set 






























































































































































































































































































Table A.4.7 (cont.) 
Method Basis Set 




































































































w Vtt are the principal components of the EFG tensor, where | K331 z. \ V221 s | Vx, |;
 [bI calculated CQ is 
converted from atomic units into Hz by multiplying Vi3 by (eQ/h)(91\ll x 10
21 V m"2), where Q( 65Cu): 
0.220 x 10"28 m2, Q( 65Cu) = 0.204 x 10"28 m2 and e = 1.602 x 10"'9 C; [c] the signs from G03 are being 
reported even though they are opposite based on the conventions mentioned in the text. 
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Table A.4.8: G03 EFG calculations of Cp'CuPR3 (Cp' = Cp, Cp
f, Cp*; R = Et, Ph) 
complexes using the 14s8p5d basis set on the copper atom. 
Method Basis Set 





(MHz) | b ,c | 
CQ(
65Cu) 






















































































































































































































































































Table A.4.8 (cont.) 






































































































[al VH are the principal components of the EFG tensor, where | V33 \ >\V22\ z | Vx, |; 
converted from atomic units into Hz by multiplying Vi} by (eQ/h)(9.7l77 x 10
21 V 
0.220 x 10"28 m2, Q( 65Cu) = 0.204 x 10"28 m2 and e = 1.602 x 10"19 C; [c] the signs 
reported even though they are opposite based on the conventions mentioned in the 
tbl calculated CQ is 
nf2), where Q( 65Cu) = 
from G03 are being 
text. 
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Table A.4.9: G03 EFG calculations of ClCuP(2,4,6)3, (hfac)CuPMe3 and 
[Me3NN]Cu(CNAr). 














































































































































































































































[a] Vu are the principal components of the EFG tensor, where \V3i\ >\V22\ i.\Vn\;
 [bl calculated CQ is 
converted from atomic units into Hz by multiplying V3i by (eQ/h)(9.7l77 x 10
21 V m~2), where Q{ 65Cu) = 
0.220 x 10'28 m2, Q( 65Cu) = 0.204 x 10'28 m2 and e = 1.602 x 10"19 C; [cl the signs from G03 are being 
reported even though they are opposite based on the conventions mentioned in the text; [dl CQ values 
without a + or - sign indicates absolute values are reported. 
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Table A.4.10: G03 EFG calculations of ClCuP(2,4,6)3, (hfac)CuPMe3 and 
[Me3NN]Cu(CNAr) using the 14s8p5d basis set on the copper atom. 
Method Basis Set Vu (a.u.)"" V„ (a.u.) ^ ( a . u . ) CQ(



















































































































































































































































converted from atomic units into Hz by multiplying V}} by (eQ/h)(9.7177 x 10
21 V 
0.220 x 10"28 m2, Q( 65Cu) = 0.204 x 10"28 m2 and e = 1.602 x 10"19 C; 'c] the signs 
reported even though they are opposite based on the conventions mentioned in the 
without a + or - sign indicates absolute values are reported. 
nT2), where Q( 65Cu) = 
from G03 are being 
text; [dlCQ values 
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Table A.4.11: G03 EFG calculations of [XCuPPh2Mes]2 (X=C1, Br, I). 
Method Basis Set Vn 










- Site 1 
- Site 2 
- Site 1 



























- Site 1 
- Site 2 
- Site 1 



























- Site 1 
- Site 2 
- Site 1 























[aI VH are the principal components of the EFG tensor, where | V^ \ >\V22\ t \ Vx, |; 
converted from atomic units into Hz by multiplying F33 by (eQ/h)(9.7\77 x 10
21 V 
0.220 x 10"28 m2, Q( 65Cu) = 0.204 x 10"28 m2 and e = 1.602 x 10'19 C; [c] the signs 
reported even though they are opposite based on the conventions mentioned in the 
[bl calculated CQ is 
m"2), where Q( 65Cu) = 
from G03 are being 
text. 
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Table A.4.12: G03 EFG calculations of [ICuPPh3]4-step cluster. 
Method Basis Set1"1 yU (*•»•) "" F22(a.u.) V» (*.u.) CQ (





























































































































































































w Basis sets listed are those used on Cu and P atoms, 3-21G** was used on I atoms and 6-31G** was on C 
and H atoms for all calculations; lb] V„ are the principal components of the EFG tensor, where | Vi3\ s | V22\ 
£ | Vn\;
 [c) calculated CQ is converted from atomic units into Hz by multiplying V33 by (eg/%)(9.7177 x 10
21 
V m'2), where Q( 65Cu) = 0.220 x 10"28 m2, Q( 65Cu) = 0.204 x 10~28 m2 and e = 1.602 x 10"19 C; [d] the 
signs from G03 are being reported even though they are opposite based on the conventions mentioned in 
the text. 
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Table A.4.13: G03 EFG calculations of [ICuPPh3]4-step cluster using the 14s8p5d basis 
set on the copper atom. 
Method Basis Set1"1 Vn (a.u.) "* K22(a.u.) FM(a.u.) CQ(





























































































































































































w Basis sets listed are those used on P atoms, 14s8p5d basis set was used on Cu, 3-21G** was used on I 
atoms and 6-31G** was on C and H atoms for all calculations; [bl Vtt are the principal components of the 
EFG tensor, where | V33 \ z\V22\ z | Vu |;
 [c) calculated CQ is converted from atomic units into Hz by 
multiplying K33 by (eQ/h)(9.7177 x 10
21 V nf2), where Q( 65Cu) = 0.220 x 10"28 m2, Q( 65Cu) = 0.204 x 
10~28 m2 and e = 1.602 x 10"19 C; [d] the signs from G03 are being reported even though they are opposite 
based on the conventions mentioned in the text. 
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Table A.4.14: G03 EFG calculations of [BrCuPPh3]4-2CHCl3-step cluster. 
Method Basis Set '" Vu (a.u.)


































[a] Basis sets listed are those used on Cu and P atoms, 3-21G** was used on I atoms and 6-31G** was on C 
and H atoms for all calculations; [b] Fu are the principal components of the EFG tensor, where | Vi} \ z\ V22 \ 
£ | Vn |;
 [c] calculated CQ is converted from atomic units into Hz by multiplying Vi3 by (eQ/7z)(9.7177 x 10
21 
V m"2), where Q{ 65Cu) = 0.220 x 10"28 m2, Q( 65Cu) = 0.204 x 10'28 m2 and e = 1.602 x 10"19 C; (d] the 
signs from G03 are being reported even though they are opposite based on the conventions mentioned in 
the text. 
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V l l 
V22 
V33 
V l l 
V22 
V33 
D l l 
D22 
D33 





















































































d o o u o a < < ; < < < : < -
U > K > K - u » t O ^ - U > t O > — » U> to H- O 
n n n n o n n n o n o n o n o o n n n o n n n n n o i s 
i i 
M " :-* 
Lo to to 
w o oo 
u> NO NO 
Ol OO O 
§ b s 
NO U> ^ 
S * £ 
I I 
U d l U l i l U U M U U r i ' 
* . OO NO 
~ J . f c . t O . -
NO O O 

































































































*. - J 
u> 
- i o u> u w - p p A i _ . > L 
a » ! o bo a U ^ b\ w ; . , L 
M M U l O O O O U A O 
U l V O t O U J t O O N N O U l 







~J — ON IO 
I I I 
o — o 
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Table A.4.20: G03 calculated EFG tensor coordinates for [BrCuPPh3]4-2CHCl3 and 












































































































































































































Table A.4.21: ADF copper EFG calculations using the Amsterdam Density Functional 
(ADF) software package. 
Method Basis Set 
(a.u.) w 




















































































































BLYP DZ -0.3462 
BLYP TZP 
VWN+BP TZP 
Tetrahedral Copper Site 
0.2062 -0.2601 +13.45 
Would not converge 
Would not converge 
Trigonal Copper Site 
-0.4761 0.8224 -42.51 
Would not converge 





w Va are the principal components of the EFG tensor, where | F331 ^ | V22| £ | Vx, |;
 [b] calculated CQ is 
converted from atomic units into Hz by multiplying V3} by {eQ/h)(9.1\ll x 10
21 V m"2), where Q{ 65Cu) = 
-0.220 x 10"28 m2, Q( 65Cu) = -0.204 x 10"28 m2 and e = 1.602 x 10"19 C; [c] CQ values without a + or - sign 
indicates absolute values are reported; [d] for the I atoms and for the C and H atoms, basis sets 3-21G** 
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Table A.4.22 (cont.) 
Basis Set |a| Oa (PPm) 022 (ppm) O33 (PP«n) G^ (PPm) 8n (ppm) 82J (ppm) 833 (PPm) 8is„(ppm)
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Table A.5.2: Experimental Parameters for Pt MAS NMR Experiments 





































Table A.5.3: Experimental Parameters for 9F MAS NMR Experiments 







































[Pt(tfd)2j[NEt4] 376.130056 16.5 4.25 0.2 250 640 
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Would not Converge 
WNC - -
Would not Converge 
WNC - -
Would not Converge 
WNC - -
Would not Converge 




















































w Basis sets in bold use the Stuttgart 1997 ECP basis set on Pt. All other calculations use the Huzinaga all electron basis set. w Calculations of the reference 
PtCl6
2" were performed using an unoptimized structure using bond lengths of 2.37 A and in a perfect octahedral environment. w See text for definitions. 
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Table A.5.7: Contributions to paramagnetic shielding from mixing of occ and vir MOs 
of [Pt(tfd)2]° based on BLYP/TZP-Pt(4d) calculations. 





























2 3 5 % (148) 
135% (136) 
2 5 5 % (146) 
315% (178) 
105% (127) 
2 0 5 % (128) 
105% (129) 
2 4 5 % (134) 
135% (136) 
105% (127) 









































































































Numbers in bold indicate major contributors to the total paramagnetic shielding (> 5 %). 
Table A.5.8: Contributions to paramagnetic shielding from mixing of occ and vir MOs 
of [Pt(tfd)2]
2" based on BLYP/TZP-Pt(4d) calculations. 
Major occ-vir MO Pairs 
occ 














205* lg (128) 
205* lg (128) 
205* lg (128) 
245*3u (133) 
205* lg (128) 
105*3g (129) 
245*,E(155) 
205* lg (128) 
145* lu (147) 
145*lu(147) 
105*3g (129) 
205* lg (128) 
26^*fi(137) 
205* lg (128) 
105*3g (129) 
245*3u(133) 










































































w Numbers in bold indicate major 
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Table A.5.9: Composition of the MOs in [Pt(tfd)2]° from BLYP/TZP-Pt(4d) calculations. 
M O 
2 U g ( 1 1 2 ) 
22^ g(119) 
953 g(125) 
1 0 5 % (127) 




























































2 P v 
1 ^ 
Idx, 
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Table A.5.10: Composition of the MOs in [Pt(tfd)2]




















































































































































































































1,1 Calculated using Eq. 5.4 where T = 298 K.. m Average experimental "C chemical shift of [Pt(tfd)2]° and [Pt(tfd)2][NEt4]2. 















































































































































0.77 to 25.0 













5.0 to 162 












;87Rb) = 1 
6.6 
3.4 































































































[a] Complete experimental details are provided in reference [12]. M 
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Figure B.3.1: MAS simulations of A1(NTMS2)3 showing 
the required spinning speed to average out the second-order 
broadening of the powder pattern. 
Figure B.3.2: Spectral processing comparison of (a) AlMes3 and 
(b) A1(NTMS2)3. Top traces represent skyline projections and 
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Time (ms) 
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l„ = 51.7(1.0) 
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Time (ms) Time (ms) 
Figure B.3.3: T2 decay calculations of (a) AlMes3, (b) 
A1(NTMS2)3, (c) [Me2-Al(//-OTHF)]2, and 
(d) [EVA1(//-0THF)]2. 
400 200 -200 -400 kHz 
Figure B.3.4: Simulation of CSA contribution to the breadth of 
the AlMes3 central transition powder pattern. Experimentally 




Figure B.3.5: QCPMG (top), summed QCPMG echo (middle) 
and Hahn-echo (bottom) spectra comparison for [Me2-Al(//-
OTHF)]2. Skyline projection (a) and co-addition (b) spectral 
processing are shown. 
Figure B.3.6: QCPMG (top), summed QCPMG echo (middle) 
and Hahn-echo (bottom) spectra comparison for [Et2-Al(//-
OTHF)]2. Skyline projection (a) and co-addition (b) spectral 
processing are shown. 
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Figure B.3.7: ORTEP drawing of (a) AlMes3 and (b) 
A1(NTMS2)3 (30% ellipsoids). Hydrogen atoms have been 
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250 200 150 100 50 0 -50 ppm 
Figure B.4.1: 'H-13C CPMAS NMR spectra of (a) CpCuPEt3 
(b) CpCuPPhj (c) CpfCuPPh3 and Cp*CuPPh3. * denotes 
spinning sidebands. 
| N I I | I I I I | H N | I I U | | I I I | " I I | " " I " " I ' " I | 
166 164 162 160 102 98 94 90 
(a) 
i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i | i i i i i i in 
60 58 54 50 
1 I ' ' i i I ' ' ' i I i ' ' ' I i ' ' ' I ' ' i i I ' i ' ' I ' i i ' I i i ' ' I i i i ' I i 
350 300 250 200 150 100 50 0 -50 ppm 
Figure B.4.2: 'H-13C CPMAS NMR spectra of (a) ClCuP(2,4,6)3 
and (b) [ICuPPh3]4. * denotes spinning sidebands. 
11 11 | i i 111 i 11 i i 111 i 11 i i i i 11 i 11 11 111 i 111 11 i 11 11 i i 11 
300 250 200 150 100 50 0 -50 -100 ppm 
1 M I | I I I I | t I I I [ I I I I | I I I I | I I I I | I I I I | lll|lll|!ll|lll|MI|IM|HI|lll|l I 
) 1 4 0 1 2 0 1 0 0 2 4 2 0 1 6 
T — I — | — I — I — I — I — | — I — I — I — I — | — I — I — I — I — | — I — I — I — I — | — I — I — I — I — | — I — I — I -
250 200 150 100 50 0 ppm 
Figure B.4.3: 'H-^C CPMAS NMR spectra of (a) 
(hfac)CuPMe3 and (b) [Me3NN]Cu(CNAr). * denotes 
spinning sidebands. 
293 
• — i — • — • — i — • — i 
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26(deg) 
Figure B.4.4: Powder X-ray diffraction patterns of (a) 
(PhCN)4Cu BF4 (b) CpCuPPh3, (c) Cp




1 J U L * A \ ~ & A - W U ^ ^ ^ 
10 20 30 40 
29 (deg) 
50 
0 10 20 40 
60 70 
50 60 30 
20 (deg) 
Figure B.4.5: Powder X-ray diffraction patterns of (a) 
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Figure B.4.7: Integrated intensity comparisons of between Hahn-echo and QCPMG experiments and T2 measurements for 
Cp+CuPPh3 and Cp*CuPPh3. 
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2000 1000 -1000 -2000 -3000 kHz 
Figure B.4.8: Simulated 65Cu NMR spectra of ClCuP(2,4,6)3 
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1000 0 





Figure B.4.9: (a) Full diagonalization (scale follows 65Cu Larmor 
frequency v0), (b) analytical simulation, (c) numerical simulation 
and (d) experimental 65Cu NMR spectrum of [ICuPPh2Mes]2 using 
CQ = 49.5 MHz, -nQ = 0.47 and Q. = 1000 ppm. 
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Figure B.4.10: 65Cu NMR simulations of (a) without CSA and 
(b) with CSA for [ICuPPh2Mes]2. Experimental spectrum is 
shown in (c). Dashed lines act as guides for comparison. # 
denotes copper metal interference. 
(a) 
(b) Amjk, 
10000 5000 -5000 kHz 
Figure B.4.11: Simulation of the satellite positions for the 
tetragonal site of [ICuPPh3]4 indicate that the underlying pattern 
is not from the satellite transitions. 
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- With CSA 
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Figure B.4.12: Spectra comparison of the tetragonal site of 
[ICuPPh3]4 to show the presence of CSA. From the top down, 
analytical simulations with and without CSA, QCPMG echo 
addition and QCPMG spectra are shown respectively. 
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Figure B.4.13: 31P CP/MAS NMR spectrum simulations for 
(hfac)CuPMe3 without (top trace) and with (middle trace) the 
addition of A/. Bottom trace is the experimental spectrum. 









Figure B.4.14: Electron density maps of (a) CpCuPEt3, (b) 
CpCuPPh3, (c) Cp
tCuPPh3 and (d) Cp*CuPPh3. 
250 200 150 100 50 0 -50 -100 -150 ppm 
Figure B.5.1: (a) 'H-^C VACP/MAS NMR and (b) 19F-13C 
VACP/MAS NMR Spectra of [Pt(tfd)2][NEt4]. 
300 
400 200 -200 
i i I i i ' i i i i 
-400 kHz 
Figure B.6.1: 71Ga QCPMG NMR spectrum at 9.4 T of 
GaPcCl using a 1.0 mm i.d. coil. 157680 scans were acquired 
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Figure B.6.2: Frequency-stepped 7IGa NMR spectra acquired at 
(a) 9.4 T and (b) 21.1 T. Simulation parameters used for both 
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Figure B.6.3: 87Rb QCPMG NMR spectra at 9.4 T of RbC104 
using a 4.0 mm i.d. coil. Values on the left of each spectrum is 
the rf power used when acquiring the spectrum. 
I I | I I I I | I I I I | I I I I |MI I | I I I I | I I I I | I I I I | I IM| I IJ I < !| 11111111111 
400 200 0 -200 kHz 400 200 0 -200 kHz 
Figure B.6.4: Frequency-stepped 71Ga NMR spectra at 9.4 T of 
GaPcCl using Hahn-echo (left) and QCPMG (right) pulse 
sequences. Overlaid trace on the total QCPMG NMR spectrum 
is the QCPMG echo-added spectrum. Inset: Analytical 
simulation and used to serve as the ideal line shape. 
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Figure B.6.5: Numerical simulations of GaPcCl 71Ga UWNMR 
spectra using various rf field strengths. 
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Figure B.6.6: Frequency-stepped 91Zr NMR spectra at 9.4 T of 
NajZrC^ using the QCPMG pulse sequence. 
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200 100 0 -100 -200 kHz 
Figure B.6.7: Numerical simulations of NajZrOj 91Zr 
UWNMR spectra at 9.4 T using various rf field strengths. 
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